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ABSTRACT 
Chemical Vapor Deposition (CVD) is the most widely used method to grow 
large-scale single layer graphene. However, a systematic experimental study of the 
relationship between growth parameters and graphene film morphology, especially in the 
industrially preferred cold wall CVD, has not been undertaken previously. This research 
endeavored to address this and provide comprehensive insight into the growth physics of 
graphene on supported solid and liquid Cu films using cold wall CVD.  
A multi-chamber UHV system was customized and transformed into a cold wall 
CVD system to perform experiments. The versatile growth process was completely 
custom-automated by controlling the process parameters with LabVIEW. Graphene 
growth was explored on solid electrodeposited, recrystallized and thin sputter deposited 
Cu films as well as on liquid Cu supported on W/Mo refractory substrates under ambient 
pressure using Ar, H2 and CH4 mixtures.  
The results indicate that graphene grown on Cu films using cold wall CVD 
follows a classical two-dimensional nucleation and growth mechanism. The nucleation 
density decreases and average size of graphene crystallites increases with increasing 
dilution of the CH4/H2 mixture by Ar, decrease in total flow rate and decrease in 
CH4:H2 ratio at a fixed substrate temperature and chamber pressure. Thus, the resulting 
morphological changes correspond with those that would be expected if the precursor 
deposition rate was varied at a fixed substrate temperature for physical deposition using 
thermal evaporation. The evolution of graphene crystallite boundary morphology with 
decreasing effective C deposition rate indicates the effect of edge diffusion of C atoms 
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along the crystallite boundaries, in addition to H2 etching, on graphene crystallite shape.  
The roles of temperature gradient, chamber pressure and rapid thermal heating in 
C precursor-rich environment on graphene growth morphology on thin sputtered Cu films 
were explained. The growth mechanisms of graphene on substrates annealed under 
reducing and non-reducing environment were explained from the scaling functions of 
graphene island size distribution in the pre-coalescence regime. It is anticipated that 
applying the pre-coalescence size distribution method presented in this work to other 2D 
material systems may be useful for elucidating atomistic mechanisms of film growth that 
are otherwise difficult to obtain.  
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1 INTRODUCTION 
In his seminal lecture in 1959 at Caltech named "There is plenty of room at the 
bottom", Richard Feynman conceptualized miniaturization and asks, "...I do know that 
computing machines are very large; they fill rooms. Why can’t we make them very small, 
make them of little wires, little elements—and by little, I mean little...". [1] From Dr. 
Feynman’s visualization of nanotechnology to Gordon Moore’s precognition of 
transistors doubling in ICs every two years to the invention of scanning tunneling 
microscopy and discovery of fullerenes, the second half of the 20th century has seen 
mankind take giant leaps in the relentless pursuit of understanding the atomic scale 
structures and potentially harnessing their unique properties for next generation 
applications. Every time there has been a technological hurdle and a theoretical 
conundrum in this quest for pushing the boundary of the unknown, we have remarkably 
made breakthroughs and forged onwards. Even though technologically we have 
remarkably kept pace with seemingly unattainable conceptualization of appliances, one 
can envisage that day is not far away when we reach the boundary of practical 
actualization of a given concept. In the field of semiconductor nanoelectronics, it is the 
dreaded limit of quantum tunneling in nano-transistors. It is imperative that alternate 
materials be researched that may someday hold the key to surmount or perhaps bypass 
such limitations. And, as is the custom, we have once again triumphed and this time 
against a long held theoretical belief that almost became a canon. This time, two 
researchers from the University of Manchester found a way to produce a remarkable two-
dimensional material that defied an almost 80-year old theory that stated 2D crystal 
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lattices are inherently thermodynamically unstable due to their thermal fluctuations being 
in the range of the interatomic distance. [2–4] Andre Geim and Konstantin Novoselov 
isolated a single layer of carbon atoms from graphite and ushered a new age of 
experimental study of two-dimensional materials to walk alongside its theoretical 
counterpart. [5]  
The first ever synthesis of the long hypothesized and theoretically explored 
graphene [6,7] in 2005 opened the doorway to the vast world of two-dimensional 
materials and 2D heterostructures, which among other applications may facilitate further 
miniaturization in semiconductor industry and play a major role in next generation nano-
electronics and quantum computing. Its exfoliation from graphite completed the set of 0-
D, 1-D, 2-D and 3-D allotropes of fons vitae, pure carbon. Graphene is the building block 
for all the other C allotropes, namely fullerenes (0-D), carbon nanotubes(1-D) and 
graphite(3D). [8,9] As shown in figure 1.1, a fullerene is simply a graphene sheet 
wrapped spherically into a buckyball by introducing pentagonal rings accompanying the 
hexagons, a nanotube is a cylindrical roll of graphene while graphite is simply a stack of 
graphene sheets held by weak Van der Waals force. Since 2005 over the next decade, the 
field of two-dimensional materials exploded with a plethora of experimental research into 
their synthesis methods and real-world properties. The innovative methods invented to 
manufacture graphene has also led to various spin-off techniques to manufacture and 
study other two-dimensional materials. [10–13] Graphene’s incredible properties and the 
invaluable insight into 2D materials attained from its experimental and theoretical 
research makes it the “miracle material” of the 21st century. 
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Figure 1.1 Graphene is the mother of all other C allotropes. It is the building block for 0D 
fullerenes, 1D nanotubes and 3D graphite. The figure was adapted from [8]. 
 
Graphene is a single layer of sp2 hybridized carbon atoms arranged in a hexagonal 
lattice possessing π-electrons in its out-of-plane pz orbital. [9,14] Graphene is typically 
classified as a zero band-gap semiconductor whose charge carriers are massless Dirac 
fermions that can attain mobilities of up to 200000 cm2V-1s-1 as observed experimentally 
and shows room-temperature micron-range ballistic transport which can be harnessed in 
high frequency FETs. [9,15–21] While the lack of band gap in graphene is a major 
roadblock for graphene’s efficacy as a transistor in a logic circuit, recent efforts has 
focused on band-gap engineering and harnessing properties like negative resistance of 
graphene FETs to obtain the indispensable ability of switch off function. [22,23] 
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Graphene has also demonstrated anomalous quantum Hall behavior, high optical 
transparency of up to 97.7% that has applications as transparent electrodes in solar cells, 
high Young’s modulus of 1TPa, large specific surface area of 2630 m2g-1 and high 
thermal conductivity of 5000 W m−1 K−1. [21,24–31] It is the most widely researched 
two-dimensional material.    
Graphene can be exfoliated from bulk graphite or grown using a variety of vapor 
deposition processes. [5,32–34] Perhaps the most widely employed method for growth of 
single-layer graphene is hot-wall chemical vapor deposition (CVD) from gaseous 
hydrocarbons onto catalytic metal substrates. [35–42] Cu foil has become the most 
popular of the metal substrates. C has very low bulk solubility in both solid and liquid Cu 
(0.003–0.008 weight % in 900oC -1084oC). [41–45] This is shown later in figure 1.6. The 
absence of any carbide phase of Cu in the Cu-C phase diagram indicates a low affinity for 
carbon. Hence graphene CVD onto Cu is almost entirely a surface mediated process. 
Furthermore, the fully-filled 3d orbital of Cu only allows its 4s electron to form a weak 
bond with the π-electrons of the sp2 hybridized carbon atoms. By virtue of its weak bonds 
with C and its low affinity towards C as evidenced in the lack of any Cu-C phase, Cu is a 
very good catalyst for graphene synthesis. A wide range of CVD process parameters have 
been employed to grow graphene from a variety of C-containing precursors and gaseous 
ambients. [46–52] Many investigations have employed methane (CH4) and hydrogen (H2) 
as the active gases and argon (Ar) as the carrier/diluent. [47–51] The majority of 
investigations into graphene synthesis have focused on empirically reducing the graphene 
nucleation density to achieve large single-crystal graphene domains to enable large-scale 
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device integration or other applications. [53–56] However, a systematic experimental 
study of the relationship between growth process parameters and graphene film 
morphology has not been previously undertaken. This relationship is even less 
understood in industrially preferred cold wall CVD, which has several advantages over 
the traditionally used hot wall CVD. This study has attempted to bridge that gap between 
the understanding of the two branches of CVD methods utilized to synthesize graphene 
and explore the fundamental effect of process parameters on graphene growth on Cu 
using cold wall atmospheric pressure CVD (APCVD).  
The main goal of this study was to undertake a fundamental surface science 
approach and develop a careful, repeatable and fully automated experimentation setup to 
investigate the fundamental growth physics underpinning graphene growth via cold wall 
CVD. Invoking the basic surface science theories developed in the 1980s and 1990s [57–
59] we delineated the various stages of nucleation and growth of graphene on Cu and 
conclusively proved that irrespective of the nature of the Cu catalyst surface and the 
nature of the reactor chamber, graphene synthesis on Cu occurs via a nucleation and 
growth mechanism. This should also provide some fundamental understanding of the 
surface-mediated growth of two-dimensional materials on solid and liquid catalysts. We 
explored the nucleation and growth phenomena of graphene on a variety of substrates 
namely, solid polycrystalline electrodeposited Cu, liquid Cu, melted and recrystallized 
Cu and thin sputter-deposited Cu films supported on refractory substrates. We 
investigated the effect of flow rate and composition of gas-phase precursors at a fixed 
substrate temperature on graphene growth and domain shape morphology on supported 
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thin electrodeposited Cu films in ambient pressure. We further explored graphene 
nucleation and growth phenomena on smooth recrystallized Cu at 1000°C and shed light 
on the effect of surface roughness on growth characteristics of graphene. Using the 
scaling theory of island size distributions in the pre-coalescence growth, we provided a 
fundamental approach to determine the rate limiting step in graphene growth on 
substrates of varying roughness and annealed conditions. For the first time, a systematic 
experimental approach was taken to explore graphene growth behavior on liquid Cu and 
study its growth characteristics. Finally, we investigate graphene growth on solid thin 
sputter-deposited Cu, which is among the thinnest catalyst film used to grow graphene. 
We further delineated the effect of thermal gradient, chamber pressure and rapid heating 
in a C precursor environment on graphene growth morphology. This work will entail the 
first ever comprehensive study of the relationship between cold wall APCVD growth 
parameters and single layer graphene growth morphology. 
1.1 Atomic Structure of Graphene and its Relation to Properties 
Graphene is a thermodynamically stable two-dimensional allotrope of carbon. 
[5,9] It consists of a single layer of sp2 hybridized carbon atoms arranged in a honeycomb 
lattice structure. It belongs to the planar group P6mm.  Sheets of graphene can be stacked 
in ABAB (Bernal stacking), ABCABC or AAA form to create multilayer graphene. The 
C atoms lying in a 2D plane share a strong σ-bond with its three neighboring C atoms at a 
distance ao=1.42 Å. Each C atom has a π electron in its out of plane pz-orbital that forms 
the π and π* molecular bands. The honeycomb lattice consists of two equivalent 
triangular sublattices A and B as shown in figure 1.2. The lattice vectors can be 
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represented as 𝒂𝟏 =  
𝑎𝑜
2
(3, √3) and 𝒂𝟐 =  
𝑎𝑜
2
(3, −√3). The nearest neighbor vectors are 
expressed as 𝟏 =  
𝑎𝑜
2
(1, √3) and 𝟐 =  
𝑎𝑜
2
(1, −√3) and 𝟑 = −𝑎𝑜(1,0) while the 6 next 
nearest neighbors are at 𝟏′ =  ±𝒂𝟏, 𝟐′ =  ±𝒂𝟐 and 𝟑′ =  ±(𝒂𝟐−𝒂𝟏). Figure 1.2 also 
shows the first Brillouin zone (FBZ) in the reciprocal lattice with its vectors given as 
𝒃𝟏 =  
2𝜋
3𝑎𝑜
(1, √3) and 𝒃𝟐 =  
2𝜋
3𝑎𝑜
(1, −√3). Γ is the Brillouin zone center and M is the 
center of the edges of the hexagons. The six points at the corners of the FBZ can be 
distinguished as 2 groups of three each, typically denoted as K and K’.  
 
Figure 1.2 Structure of graphene in real space and reciprocal space. The unit cell is 
shown in dashed line with its two sub-lattices A and B. The zigzag edge and armchair 
edge has been depicted. a1 and a2 are the lattice vectors whereas  1, 2 and 3 are the 
nearest neighbor vectors. ao is the bond C-C length and aNN is the distance to the next 
nearest neighbor. The reciprocal lattice vectors are denoted as b1 and b2. The first 
Brillouin zone is shaded with its center, corners and middle of edges denoted as Γ, K(K’) 
and M respectively. The figure was created by this author using VESTA with structure 
data obtained from American Mineralogist Crystal Structure Database # 0014675 [60]. 
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Unlike other semiconductors where Γ, the FBZ center and the point of zero 
momentum is of interest, in graphene it is the corners of the FBZ that define graphene’s 
extraordinary properties. The π-derived energy bands modeled from a tight-binding 
Hamiltonian assuming that electrons can move to the 3 nearest neighbors and the 6 
second nearest neighbors have eigenvalues E(k)± =±𝛾√3 + 𝑓(𝒌) −  𝛾′𝑓(𝒌),  where 𝛾 is 
the energy to hop to the nearest neighbors and 𝛾′ is the energy to hop to the next 
neighboring atoms and 𝑓(𝒌) = 2 cos(√3𝑘𝑦𝑎) + 4𝑐𝑜𝑠 (
√3𝑘𝑦𝑎
2
) 𝑐𝑜𝑠 (
3𝑘𝑥𝑎
2
). The + (plus) 
sign is valid for the π* orbital or the lowest conduction band and – (minus) for the π 
orbital or the highest valence band. [9] This band structure is shown in figure 1.3a, 
showing a zero-band gap at K. The dispersion relation approximated from the full band 
structure near K or K’ has the form 𝐸±(𝜿) ≈ ћ𝝊𝑭𝜿 , where 𝜿 is the momentum vector 
relative to K and 𝝊𝑭 is the Fermi velocity and has the value 10
6 m/s calculated from 
𝝊𝑭=3 𝛾 a0/2. (𝛾 ≈ 2.8eV). The ab initio many-body GW calculation of the band structure 
of graphene depicted in figure 1.3b also confirm the zero band gap structure at K and 
reveal a kink in the linear dispersion relation near K. [61,62] Thus, unlike other 
semiconductors which have quadratic dispersion relations, electrons in graphene has a 
linear dispersion relation at its K points in its FBZ. This also implies that the effective 
mass of the charge carriers is zero and as such Dirac equations for massless relativistic 
fermions need to be invoked to explain their behavior at FBZ corners. Hence K and K’ 
positions in graphene are also known as Dirac points. The conductance and valence bands 
meet at these points rendering graphene as a perfect semi-metal or zero band gap 
semiconductor. [9,63] The electronic band structure of graphene combined with its 
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atomic structure give rise to its extraordinary properties like high carrier mobility, 
mechanical strength, transparency and high thermal conductivity. 
 
Figure 1.3 (a) Band structure of graphene obtained from the tight binding Hamiltonian 
considering electrons hopping to three nearest neighbor atoms and six 2nd nearest 
neighbor atoms. Inset shows the Dirac cones at K (or K’). The figure was adapted from 
[9] (b) The band structure of graphene depicted by many-body GW calculation (red 
dashed line and circles) and density functional theory with local density approximation 
(solid black lines). The figure was adapted from [61]. 
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The Dirac nature also electrons its unusual properties like Klein tunneling in 
which the electrons remain unaffected by external electrostatic potentials such as those 
generated by disorders and can essentially tunnel through a forbidden region. [9] The low 
atomic thickness and extraordinary carrier mobility even in the presence of defects and 
phonons make graphene a worthwhile candidate in the future of nanoelectronics. [63] 
Band gap engineering with quantum confinement in the structure of nanoribbons, 
heterostructures with other 2D materials and controlling defects in the graphene lattice 
can overcome the low current on/off ratio in graphene owing to its zero-bandgap 
structure. [19,64–66] 
The high bond energy of 5.9 eV of the strong covalent σ bonds in the sp2 
hybridized planar structure, between the two C atoms in graphene impart tremendous 
mechanical strength to its overall structure. This has resulted in the highest Young’s 
modulus and intrinsic tensile strength of 130 GPA and 1TPa respectively ever measured. 
[10,29] Graphene’s extraordinary phonon dominated thermal conductivity in its in-plane 
strong bonded network is among the highest measured so far, lying in the range of 2000-
4000 W/mK for freely standing structures and can find applications in nanoelectronics 
where heat dissipation is a known issue. [31,67,68] Graphene’s unique 2D zero bandgap 
structure and Dirac fermions also impart transparency which coupled with its high 
conductivity and structural integrity makes it an excellent candidate for flexible, 
conducting substrates in organic solar cells. [25,54,69–71] The observed high visible 
range transmittance of 97.7% is equal to the theoretical transmittance value which is 
given by the fine-structure constant α=1/137. The optical conductivity of graphene is 
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given by πe2/2h and it follows that the absorbance is πα(1+πα/2)-2 and transmittance is 
(1+πα/2)-2. It has been shown that absorbance depends on the number of layers being a 
product of πα and the number of layers. The linearity in the dependence of white light 
absorbance on number of graphene layers also indicate the role of graphene’s monolayer 
structure on its optical properties. [25] 
1.2 Synthesis Methods of Graphene 
Various methods of graphene synthesis have been reported in the last decade. 
Broadly, they can be classified into two schools of methodology: top-down method and 
bottom-up method depicted in figure 1.4. In the top down approach, graphene is obtained 
by either mechanical or chemical exfoliation of graphite. The bottom-up approach includes 
methods by which graphene layer is synthesized on suitable substrates from its building 
blocks which are carbon atoms.  
 
Figure 1.4 The top down and bottom up synthesis of graphene, figure adapted from [72].  
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1.2.1 Top Down Synthesis of Graphene 
Mechanical exfoliation by adhesive tape and chemical exfoliation are two of the 
well-known top-down methods for graphene synthesis from graphite. Graphite consists of 
stacks of graphene layers with an interlayer distance of 3.34 Å held together by weak van 
der Waals forces. Due to the weak forces between the layers in graphite and the relatively 
large lattice spacing in the perpendicular direction compared to the small lattice spacing 
and stronger bonding in the hexagonal lattice plane, layers in graphite can be exfoliated 
to obtain graphene. Geim and Novoselov in their seminal work synthesized graphene by 
repeatedly peeling off layers in graphite by an adhesive scotch tape and finally 
transferring the few-layer graphene sheet onto a SiO2/Si substrate to study its unique 
properties. [5] This led to an explosion of research in the graphene field and renewed 
interest in obtaining two-dimensional materials  
Liquid phase exfoliation of graphite by chemical methods has been extensively 
explored. [73,74] One such method of graphene synthesis is via formation and exfoliation 
of graphite intercalation compounds (GICs). Alkali metal GICs are formed by inserting 
alkali metals in between the layers of graphite by treating graphite with compounds 
containing the respective alkali metals. GICs like graphite bisulfate can be formed by 
treating graphite with strong acids. The intercalated alkali metals or compounds like 
bisulfate molecules expand the interlayer spacing of graphite, weakening the van der 
Waals force. The GICs are then sonicated in ethanol solvent, where the solvent molecules 
expand the layers further. The as-formed alkali metal ethoxide and hydrogen gas are 
expelled which exfoliate the graphite layers and produce suspended graphene layers in 
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the solvent. Other than sonication, rapid thermal heating by microwave radiation can also 
exfoliate GICs to form graphene. [75] Figure 1.5 depicts a Li ion intercalation-expansion-
micro-explosion exfoliation of graphene developed by Huang et al. [76] In this 
electrolytic process the Li ions from the electrolyte LiOH are intercalated into graphite, 
which are then reduced to form LixCy compounds that expands the graphite sheets 
leading to its initial exfoliation. The stacks of graphite are finally exfoliated into graphene 
by the micro-explosion of hydrogen formed during the ultrasonication of the electrolyte 
containing Li or LixCy with water. While exfoliated graphene is of high quality, large 
scale production with acceptable reproducibility in terms of layer thickness, quality and 
size is difficult to achieve. 
 
Figure 1.5 Graphene synthesis by Li ion intercalation-expansion-micro-explosion 
exfoliation. The figure was adapted from [76]. 
 
1.2.2 Bottom-Up Synthesis of Graphene 
Bottom-up approach is a synthesis philosophy prevalent everywhere from self-
assembly in nature to low dimensional material growth for semiconductor devices. It is a 
scalable, efficient, relatively easy and controllable mode of synthesis. [77,78] For 
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graphene, bottom-up synthesis includes epitaxial growth of graphene on SiC surface and 
chemical vapor deposition of graphene on transition metal catalysts. Preferential 
sublimation of silicon from the SiC surface at high temperatures (1000oC < T < 1500 oC) 
and subsequent graphitization of the excess carbon atoms left behind lead to formation of 
graphene on silicon carbide (SiC).  This method is usually carried out under ultra-high 
vacuum (UHV) conditions or in argon atmospheres. Graphene formed on the silicon-rich 
SiC (0001) face of hexagonal SiC differs from that grown on C-rich SiC face (0001̅). For 
the Si-rich face, the as-grown graphene is of relatively higher quality, grows in a single 
orientation and exhibits regular Bernal stacking. In contrast, for the C-rich face, graphene 
growth occurs at a lower temperature and the as grown graphene has higher thickness and 
exhibits rotational stacking. [79–83] The growth conditions for this method are 
demanding due to the high temperatures employed and the commercially available SiC is 
costly particularly for large-scale device production.  
The most promising method for scalable large area controllable growth of high 
quality graphene is by chemical vapor deposition (CVD) on transition metals from carbon 
containing precursors. [54,84] In CVD, volatile C containing precursor gases like 
methane is introduced into a sealed chamber where it undergoes endothermic 
dehydrogenation reaction on the hot metal catalyst surface and decomposes into C 
adatoms or other intermediates. [85] Owing to their partially filled d-orbitals which can 
interact with the electrons in C atoms, transition metals can reduce the energy barrier for 
dehydrogenation reaction of the precursor hydrocarbon and bring down the temperature 
requirement for precursor decomposition to below 1000oC. Graphene grows by a surface 
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segregation of C adatoms on metals like Ni which have high bulk C-solubility at ~1300oC 
or lower and by a surface catalyzed nucleation and growth method on metals like Cu 
which have low bulk C-solubility.  Continuous graphene can be grown on polycrystalline 
Ni surface and subsequently transferred onto insulating substrates for electrical and 
thermal characterization of the films. [28,86] Since graphene grows on Ni via surface 
segregation of C from nickel carbide, upon cooling it is difficult to control the number of 
layers and homogeneity of the graphene films. [87,88] In contrast to Ni, on Cu, which has 
low C-bulk solubility, and experience negligible C segregation during cooling, graphene 
is single layer over a large area and hence is the catalyst of choice in the vast graphene 
CVD field. [28,35,70,86,89,90] The solubility of C in Cu varies from 0.003 to 0.008 
weight % between 900oC to 1125oC, the temperature range explored in this work, as 
depicted in Cu-C phase diagram in figure 1.6. CVD growth of graphene on Cu is a 
surface diffusion mediated process and is self-limiting in nature prevalent under a broad 
range of growth conditions with a second ad layer unable to form if the entire catalyst 
surface is covered with single layer graphene. [41,51] Graphene growth on Cu has been 
carried out by hot wall CVD as well as cold wall CVD. [41,91–93]  
1.3 Hot Wall CVD  
In a typical graphene growth experiment on Cu, a C precursor like methane 
dissociates on the Cu surface followed by the nucleation and growth of graphene. In a hot 
wall CVD method, the entire tube furnace, housing the substrate on which graphene will 
be grown, is heated. The substrate in turn is heated by thermal radiation from the hot wall 
of the tube furnace. The precursor gas containing methane, hydrogen and argon is flowed 
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into the chamber from one end and pumped out via the other end. Hot wall CVD is the 
most widely used large scale graphene growth technique. 
 
Figure 1.6 Cu-C phase diagram showing negligible C solubility in Cu between 900oC to 
1125oC, the temperature range employed in this work. The figure was adapted from [44]. 
 
However, even though the body of research work on hot wall CVD graphene is 
huge, there is a lack of systematic experimental examination of the influence of process 
parameters on graphene film morphology. This is perhaps due to the main focus of hot 
wall CVD research field lying in the domain of improving the scalability of the process 
and studying the various properties of the grown graphene film. Despite the dearth of 
systematic studies, several individual aspects of graphene growth on Cu using methane as 
the precursor like the substrate temperature, growth pressure, the nature of Cu surface, 
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the role of gas flow in the growth chamber, role of hydrogen, the effect of surface oxygen 
and the nature of polycrystalline graphene have been explored by the hot wall CVD 
growth method. In the following sub-sections, we will look at the current understanding 
of the various effects of these parameters on graphene growth. We will incorporate some 
of these results to explain certain observations in our experiments while supporting and 
adding to other conclusions derived in the field of graphene growth by hot wall CVD.  
1.3.1 Effect of Temperature 
Several steps during graphene growth on Cu are thermally activated, including 
methane dehydrogenation reaction and surface diffusion of C adatoms or clusters on Cu 
which can modulate the flux rate that governs the activation energy barriers for 
nucleation and growth. Few efforts have systematically varied CVD process parameters 
in order to quantify their effects on graphene film morphology. Those that have, 
primarily investigated the effect of substrate temperature on graphene film morphology. 
Vlassiouk, et al. varied the growth temperature during hot wall atmospheric pressure 
CVD (APCVD) and low-pressure CVD (LPCVD) of graphene onto Cu foils to extract 
the activation energy for graphene nucleation. [94] They noticed that nucleation density 
drastically drops with increase in temperature and measured the activation energy Eact of 
nucleation as 9 eV. They further reported that graphene domain size increases with 
temperature and the activation energy for domain growth was measured as 5eV. This is 
shown in figure 1.7. In comparison, for LPCVD, the Eact for nucleation was lower and did 
not seem to depend on the ratio of precursor gases H2 and CH4. They further noted that at 
temperatures lower than 1000oC the nucleation density is different on different 
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crystallographic orientations. At higher temperature, this distinction vanishes for both 
APCVD and LPCVD. In another study, Xing, et al. employed hot wall APCVD to 
investigate temperature effects on the growth of single, bi- and few layer graphene films. 
[95] They noted that the growth rate decreases with time due to less Cu catalytic surface 
available for graphene dehydrogenation reaction, as shown in figure 1.8a. They also 
concluded that growth rate increases with increase in temperature. From the linear 
Arrhenius fit of the growth rate vs. temperature, they calculated that the Eact value of 
graphene growth was 2.74 eV. This is depicted in figure 1.8b.  
Thus, a large range of activation energy values for graphene growth has been 
derived in the hot wall CVD studies. Since several steps in graphene growth are 
thermally activated, it is imperative that any quantitative conclusions drawn from varying 
temperatures should be carefully delineated. In the present study, we have investigated 
the relationship between growth parameters and graphene morphology at a fixed 
substrate temperature of 1000oC for solid Cu and 1125oC for liquid Cu to avoid any 
temperature related variation in the results. We have chosen 1000oC since as reported by 
Vlassiouk et al. at this temperature, the influence of a polycrystalline nature of Cu surface 
on graphene growth is negligible. [94] We also made a very similar observation in 
section 3.1. In section 3.5, we studied the effect of temperature gradient along a substrate 
length on graphene growth. We noted a rise in density and decrease in average size as the 
temperature decreased. The qualitative nature of the trend is similar to that observed in 
the Xing et al.’s and Vlassiouk et al.’s research. [94,95] 
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Figure 1.7 (a) SEM images showing grains grown at different temperatures for constant 
partial pressures of H2 and CH4. (b) Arrhenius plot for nucleation density and (c) Arrhenius 
plot for the graphene domain size. The figure was adapted from [94]. 
 
Figure 1.8 (a) Graphene coverage vs. growth time at different temperatures. The coverage 
plot plateaus after a while as reaction slows down with less Cu surface available (b) The 
growth rate vs. temperature plot. The figure was adapted from [95]. 
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1.3.2 Effect of Cu Surface 
The effect of the nature of Cu surface on graphene morphology and nucleation 
density has been explored by researchers. Mohsin et al. grew millimeter sized hexagonal 
graphene on melted and resolidified supported Cu foils. They proposed that melting and 
resolidifying Cu was the best method to obtain smooth Cu catalyst surface that can 
reduce graphene nucleation density and enable growth of large single crystal domains of 
graphene. [39] The influence of Cu grain orientation on graphene nucleation and growth 
has been studied and reported by Wang et al., Vlassiouk et al., Wood et al. and Jung et 
al. [94,96–98] Both Vlassiouk et al. and Wang et al. observed higher nucleation density 
in grains with <111> orientations than in <100> or <110> orientations. Wang et al. 
attribute this to the higher degree of surface melting on <100> and <110> oriented grains, 
which significantly reduce the nucleation sites, than in <111> oriented grains. [96] 
Vlassiouk et al. proposed that the reduced desorption of C clusters in APCVD further 
promotes the stronger interaction of carbon clusters and the Cu surface with <111> 
orientation than in any other orientations due to the larger lattice match of graphene and 
Cu <111>. [94] Their observation is depicted in figure 1.9. They also note that Cu 
crystallographic orientations seem to have no effect on nucleation for growths carried out 
around and above 1000oC. Wood et al. report faster growth rate of monolayer graphene 
on <111> grains and they attribute this to faster diffusion and higher adsorption of C-
containing species on low energy <111> grains. [97] Jung et al. noted that Cu grain 
orientation plays a larger role in LPCVD compared to APCVD. [98] They proposed that 
at low pressures, the C adatoms travel along the directions with lowest energy barrier as 
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determined by the Cu grain orientations while at higher pressures, the number of C 
adatoms is large enough to overcome any high energy barrier and hence do not 
distinguish between any crystallographic orientation while diffusing on the Cu surface.  
 
Figure 1.9 (a) Cu lattice orientations and their effect on graphene nucleation densities (b) 
Nucleation on (111) Cu surface was far greater compared to (100) and (101) (c) Raman 
spectrum from the center of the sample. Color wheel indicates directions out of the plane 
of the paper. The figure was adapted from [94]. 
 
Growth of graphene on liquid Cu using hot wall CVD has been explored by 
researchers to study the effect of precursor gas chemistry on the graphene morphology 
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and in an effort to obtain large hexagonal single crystal domains. [42,50,99] Wu et al. 
studied the growth of graphene on liquid Cu at 1090oC using APCVD. They achieved 
single crystal domains of monolayer graphene greater than 200 μm. They emphasized the 
role of controlling the precursor hydrogen gas during growth to reduce graphene 
nucleation density and enable growth of larger graphene domains. They also reported that 
the isolated hexagonal graphene domains are highly aligned with each other and suggest 
this mutual alignment as a means to produce large single crystal graphene from multiple 
domains. [42] This is depicted in figure 1.10. One interesting aspect of graphene growth 
on liquid Cu that was reported by Geng et al. is the self-alignment phenomenon in which 
as the graphene coverage increases with growth duration graphene flakes rotate and self-
align to form a compact ordered structure. [42,50] The authors proposed that the driving 
force behind this self-organization of hexagonal graphene flakes from a dispersed non-
aligned state to a compact and highly aligned state is the minimization of total edge 
energy of the adjacent hexagonal graphene flakes. In a comment to this article 
Harutyunyan referred to a work carried out by his group and suggested that the perceived 
self-organization phenomena could be due to the presence of domains or cells in the 
liquid Cu surface with C adsorbate due to the thermal and solutal instabilities caused by 
surface tension variations as described by Bernard-Marangoni convection. [100–105] 
Experimental conditions like thickness of the liquid layer, concentration gradient of the 
carbon and temperature gradient between the surface and the core will drive the 
convection cells to assemble into a regular hexagonal pattern. This assembly of 
convection cell on liquid Cu surface will align the graphene domains into an ordered 
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pattern such as observed by Geng et al. Thus, this phenomenon may explain the so-called 
self-organized pattern observed by Geng et al. [42,50] Wu et al. investigated the 
formation of different patterns of graphene crystallites on liquid Cu by tuning the Ar:H2 
ratio in the gas admixture. [50] They noted that as the Ar:H2 decreased and partial 
pressure of H2 increased, the graphene edge morphology evolved from a dendritic shape 
to regular hexagonal shape, and eventually to a circular shape in the presence of high 
methane partial pressure in pure H2 and no Ar. From kinetic Monte Carlo simulations and 
a qualitative assessment of the growth patterns, they proposed that the shape evolution 
was caused due to the competition between adatom diffusion along domain edges and 
adatom diffusion across Cu surface. Higher Ar flux and lower H2 partial pressure, that 
results in lower concentration of CH4 molecules due to a higher decomposition rate, will 
enhance the surface diffusion of C adatoms leading to rapid adatom incorporation at 
graphene edges. This will result in dendritic shape of graphene in low H2 partial pressure 
on liquid Cu as C adatoms had insufficient time to find energetically favorable location 
along the edge. A higher H2 partial pressure will leave a higher concentration of 
undissociated CH4 molecules on the Cu surface hindering C diffusion leading to a more 
compact graphene shape. While this study was instructive in its exploration of Ar:H2 ratio 
in modulating graphene edge shape, the effect of H2 in graphene growth and transition 
from diffusion limited to attachment limited kinetics were naively explained. The role of 
H2 is further explored in the sections 1.3.3 and 1.3.4 and in chapter 3.   
Alongside investigating graphene growth on solid polycrystalline Cu films with 
grain-size less than 100 μm, we explored the same on Cu films with grain-size larger than 
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2 mm in lateral dimension. We incorporated Mohsin et al.’s method of melting and 
recrystallizing Cu foil on Mo substrates to achieve large Cu grain size with RMS 
roughness less than 6 nm. The results of graphene growth on solid recrystallized Cu and 
its comparison to growth on rougher polycrystalline Cu are presented in section 3.2. Even 
though graphene growth on liquid Cu has been explored, the focus of those studies was to 
understand the role of the absence of any imperfections on Cu surface and the very nature 
of the liquid Cu on graphene growth. Hence, we conducted the first systematic study of 
graphene growth on liquid Cu to confirm the classical nucleation behavior of graphene, 
presented in section 3.4. We carried out these experiments at 1125oC. We also noted the 
high mutual alignment of graphene on liquid Cu as well as recrystallized Cu. We 
concluded that it is perhaps premature to conclude that liquid Cu will promote a higher 
degree of mutual alignment under any growth conditions compared to a solid Cu with 
low surface roughness and large grain size.  
 
Figure 1.10 (a) SEM image of graphene domains grown on liquid Cu at 1090oC. (b) 
Histogram of counts of orientation angles θ (shown in inset) of the graphene domains 
fitted to a Lorentzian distribution. A narrow fwhm of 2o indicates high mutual alignment 
of graphene domains on liquid Cu. The image is adapted from [42]. 
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1.3.3 Effect of Pressure and Gas Kinetics 
 Bhaviripudi et al. studied the role of gas kinetics and reaction chamber pressure 
on graphene growth on Cu by CVD. Their work explored the key differences in the 
kinetic models for APCVD vs. LPCVD growth. [51] They carried out their experiments 
in a tube furnace with horizontal flow configuration employing hot wall CVD. They 
further delineated the various steps involved in graphene synthesis, beginning with mass 
transport or diffusion of precursor gases through a boundary layer on to the Cu surface, 
followed by adsorption and catalytic decomposition of the C precursor and finally 
diffusion of C on Cu surface leading to nucleation and growth of graphene as shown in 
figure 1.11. The authors denote the mass transport coefficient hg as Dg/δ where Dg is the 
diffusivity coefficient of methane and δ is the boundary layer thickness. They assume a 
stagnant boundary layer due to steady state gas flow in the chamber. Boundary layer is a 
thin layer of gases in the direct vicinity of the Cu surface whose thickness δ is measured 
from the gas/Cu surface, where the velocity of the precursor gas of a certain viscosity is 
zero, to a point above the Cu surface where the velocity of the precursor gas is 99% of its 
free-stream velocity. Higher flow rates are usually employed in APCVD than in LPCVD 
for graphene growth on Cu. The boundary layer thickness increases as total flow rate of 
precursor gases decreases.  In typical APCVD growth of graphene, the boundary layer 
thickness is less than in LPCVD due to higher pressure and higher flow rates of gases. 
However, the diffusivity coefficient of methane is smaller in APCVD due to the higher 
rate of collisions. Hence overall, hg decreases in APCVD. Thus, the authors propose that 
graphene synthesis using APCVD is mass transport through boundary layer limited while 
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synthesis under lower pressures are surface reaction limited.  
Vlassiouk et al. noted the value of growth at high background pressures for 
suppressing Cu sublimation during growth near the melting point of Cu. They reported 
that activation energy for nucleation was higher in APCD processes compared to LPCVD 
since at higher pressures where sublimation is reduced, the desorbed species were carbon 
clusters unlike the copper evaporation dictated C adatom desorption at lower pressures. 
They also varied pH2 to pCH4 ratio to tune graphene growth rate and domain edge 
morphology. They noted that graphene growth rate increases by increasing pCH4 or 
decreasing pH2 leading to star-shaped domains or hexagonal domains with roughened 
edges. [94] Vlassiouk et al. also reported the evolution of graphene domain shape from 
islands with roughened, convex edges to perfect hexagonal shape with increase in pH2. 
[106] Dendritic growth hinting at diffusion controlled growth in LPCVD has been 
reported by several groups while growth mechanism in APCVD is largely edge 
attachment controlled leading to perfect hexagonal edges. This can however be 
manipulated by tuning pH2 and pCH4 ratios. [94,98] 
In the present study, we have explored graphene growth at different gas 
admixtures and total flow rates to present a comprehensive case study of the role of the 
ratio of CH4 and H2 partial pressures, their dilution in Ar and the total gas flow rates on 
graphene growth morphology. We built on the observations by Vlassiouk et al. noting a 
similar change in the domain shape of graphene by tuning the flow rates of CH4 and H2 
or pCH4 : pH2. [94,106] We further elucidated the effect of tuning these parameters on 
graphene nucleation density and average size laying down a pathway strategy for other 
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researchers to regulate the graphene growth characteristics in their experiments. These 
will be explored in detail in section 3.1. 
 
Figure 1.11 Processes involved during graphene growth on Cu by CVD. CH4 diffuses 
through boundary layer (1), adsorbs on the Cu surface (2), decomposes to form active C 
species (3) which diffuse on the catalyst surface (4) alongside desorption of hydrogenated 
species from the Cu surface (5) which diffuses away through the boundary layer and is 
pumped out. Mass transport and surface reaction fluxes under steady state is depicted in 
the right-hand side panel. The figure was adapted from [51]. 
 
1.3.4 Effect of H2 
Methane dehydrogenation reaction takes place in several steps, each step 
requiring removal of hydrogen from a C-H bond. This makes hydrogen such an integral 
part of the graphene growth process that it is used to modulate the growth characteristics 
of graphene. An intermediate step in graphene dehydrogenation process is given as, 
𝐶𝐻4 ⇌ 𝐶𝐻𝑥 +
4−𝑥
2
𝐻2 (x=0,1,2,3) with the equilibrium constant defined as 𝐾 =
𝑎𝐶𝐻𝑥  𝑝𝐻2
4−𝑥
2
𝑝𝐶𝐻4
, 
where pCH4 and pH2 are the partial pressures of methane and hydrogen respectively and 
aCHx is the activity or the concentration of the CHx species. This step is endothermic and 
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as we note in figure 1.12 it is thermodynamically more favorable to form a CHx species 
than an elemental C species as the latter has a much higher activation energy barrier. 
Furthermore, it was observed from density functional theory (DFT) calculations that H-
terminated graphene edges are more stable than bare graphene edges on Cu. [107] Thus, 
at an atomic level, since CHx is the active species in graphene growth and its 
incorporation leads to stabilization of graphene edges. Thus, in an edge attachment 
limited growth, since CHx is the active species, its formation by dehydrogenation process 
becomes rate limiting. [85,107,108] 
Vlassiouk et al. showed the dual role of hydrogen as a co-participant in methane 
dehydrogenation reaction as well as an etching reagent in graphene CVD growth on Cu. 
They explore the morphology, number of layers and size of graphene domains at different 
hydrogen partial pressures. [106] They concluded that graphene growth was not possible 
at low hydrogen partial pressure as H2 is required to activate the thermodynamically 
unfavorable methane dehydrogenation reaction. They also showed the preferential 
etching of zigzag edges by H2 at higher partial pressures leading to formation of perfect 
hexagonal edges. Thermodynamic studies from first principles have suggested that the 
active species for graphene growth is of the nature CxHy instead of the chemically and 
thermodynamically unstable elemental C. [85,106] Thus hydrogen has a larger role to 
play atomistically during graphene growth. Pai Li et al. investigated this in a recent study 
combining first principles calculations with kinetic Monte Carlo simulations. [109] They 
concluded that H2 stabilized the edges of growing graphene domains at the partial 
pressures employed in CVD growths. At the higher pH2 compared to pCH4 conditions of 
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CVD growth, the graphene edges are H2 saturated. It is C-H which becomes the dominant 
building block of graphene in such a case due to its high detachment barrier, thus 
explaining the co-catalytic behavior of H2 in CVD graphene synthesis. They also 
concluded that C2 dimer is the dominant species under low pH2 compared to pCH4.  
Furthermore, the etching action of H2 was elucidated. When C containing species are 
running low, H will attach itself to a detached C species and help it to desorb from the 
surface. It was also noted that H2 has a higher adsorption rate on Cu than CH4. Surface 
defects on Cu which can provide more sites for CH4 to bind to the surface and thus will 
have a larger impact on CH4 adsorption than H2 which already can adsorb on Cu 
irrespective of its surface characteristics. 
 
Figure 1.12 The various dehydrogenation process steps of CH4 on Cu (111) and (100) 
surfaces were calculated from first principles thermodynamics. All the steps are 
endothermic with C+4H having the highest energy indicating the existence of C as a 
single species on Cu is thermodynamically unfavorable. The activation energy barriers 
for all the reactions lie between 1-2eV. The figure was adapted from [85]. 
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In section 3.1 we have extensively explored the effect of regulating pH2 in the gas 
environment on graphene growth morphology, noting how the ratio of pCH4 : pH2 changes 
the nucleation density, average size and edge shape of the graphene crystallites. We also 
explored how annealing graphene in H2 after its growth can etch polygonal pockets inside 
the graphene domains that can reveal whether the domain was single crystal or 
polycrystalline. Furthermore, the role of H2 in graphene growth mechanism was 
explained in section 3.3. In section 3.5 we also noticed enhanced etching of graphene at 
lower chamber pressure perhaps aided by increase in Cu sublimation.    
1.3.5 Effect of O2 
The presence of oxygen on Cu surfaces, prepared ex situ in the presence of 
atmospheric air, is unavoidable. Since it is a reactive species, O2 will interact with C, H2 
and Cu. Thus, its concentration on the Cu surface will have a direct effect on the growth 
characteristics of graphene. Since H2 reduces the surface O2 in Cu, its role is also 
intricately linked with the effect of oxygen on graphene growth behavior. Native or 
thermally grown surface O2 has been utilized to reduce graphene nucleation density and 
to promote large single crystal graphene growth. [56,107,110–114] Ding et al. in a recent 
work detailed the role of H2 and O2 on graphene growth. [110] They investigated the 
effect of annealing environment on pre-oxidized Cu surface which ultimately affects 
graphene growth morphology. A major step in typical hot wall CVD processes, is the 
substrate heating regime where the substrate temperature is ramped up to the annealing or 
growth temperature. They noticed that while thermally heating the substrate the native 
oxide layer decomposes and introduces trace amount of sub surface O2 in Cu. Subsequent 
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annealing in either reducing H2/Ar or non-reducing Ar atmosphere did not reduce the 
stored sub-surface O2 in Cu. This sub surface O2 diffuses up to the Cu surface during the 
higher temperature regime of graphene growth and facilitates the desorption of C 
containing species thus reducing the nucleation density by decreasing the active C-
species flux. Hao et al. achieved cm scale repeatable growth of graphene on O2 rich Cu 
surface by low pressure CVD without jeopardizing the electrical quality of the graphene 
film. [107] They noted that the growth mechanism of graphene shifted from a typical 
attachment limited kinetics on oxygen-free Cu to diffusion limited kinetics with 
characteristic dendritic domain structure with roughened edges when the Cu film was 
deliberately dosed with O2 flux prior to graphene growth. From C isotope labeling and 
Raman mapping, they noticed that domain shapes remain same over time with almost 
constant radial growth rate in a given orientation and hence growth kinetics of graphene 
do not change over time. This is shown in figure 1.13. They reasoned that surface O2 
reduces the edge attachment barrier of C atoms by dehydrogenating the mobile CHx 
species, thus facilitating its incorporation to graphene edges and increasing its growth 
rate.   
In this present study, we have investigated graphene growth on Cu that was 
annealed in Ar only environment and compared its growth characteristics to that grown 
on Cu annealed in Ar/H2. We notice significant reduction in nucleation density along 
with “star-shaped” graphene domains with convex edge shape characteristic of diffusion 
limited growth modeled and proposed by Hao et al. [107] The is attributed to the sub 
surface O2 during graphene growth as studied by Ding et al. [110] Furthermore, we 
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confirm the diffusion limited growth kinetics of graphene on Cu annealed in Ar only by 
studying the scaling function of the island size distribution. The effect of O2 on graphene 
growth is discussed in sections 3.2 and 3.3. 
 
Figure 1.13 (a) and (b) depict the SEM images of graphene grown on oxygen-free Cu 
(OF-Cu) and OF-Cu dosed with oxygen. (OF-Cu (O). (c) and (e) depict isotope labeled 
Raman maps of 2D band for graphene grown on OF-Cu at 1035oC for different growth 
durations. (d) and (f) depict the same for graphene growth on OF-Cu (O) at 885oC at 
different growth conditions. The Raman maps indicate that domain shape remain constant 
over growth time with constant growth rate. The image was adapted from [107]. 
 
1.3.6 Grain Boundaries in Polycrystalline Graphene 
The as-grown graphene on Cu merge after a suitable growth duration and the 
merged graphene film is typically polycrystalline in nature with grain boundaries 
defining its electronic and mechanical properties and distinguishing it from single 
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crystals. [115–118] Guo et al. studied the grain boundaries formed in polycrystalline 
graphene and laid down the governing rule to determine the direction of grain boundary 
line and misorientation angles between adjacent graphene grains simply by studying the 
geometries of the polygonal graphene flakes and post growth H2-etched polygonal 
features inside the flakes. [119] They noted that domains, where all the etched hexagons 
are oriented in the same direction as the parent domain, are single crystalline with zigzag 
edges.  Domains where the etched hexagons are not aligned are polycrystalline and 
polygonal in shape. Furthermore, they used the location of the etched hexagons inside a 
polycrystalline flake to identify the direction of grain boundaries inside the flake body. 
This is shown below in figure 1.14. Apart from the common grain boundary formation 
mechanism when two growing graphene flakes impinge on each other and coalesce they 
also noticed two other mechanisms of grain boundary formation in graphene. One is 
where multiple nucleation events take place almost simultaneously at the same location 
and the grain boundary will grow along with graphene growth. The other mechanism can 
take place when the nucleation events take place at almost the same place but separated 
by a time period. The 2nd nucleus will be the smaller than the first and grain boundaries 
will develop when they start to grow simultaneously.  
We explored this phenomenon in a graphene growth experiment with post growth 
annealing carried out in Ar/H2 environment. This is shown in section 3.1. We noted that 
single crystals contained aligned etched hexagons commensurate with the orientation of 
the parent domain whereas polycrystalline flakes had misoriented etched hexagons in its 
grain body.  
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Figure 1.14 Etched polygonal features and grain boundaries in graphene etched in H2 
after growth. (a) shows a single crystal graphene with aligned etched features. (b)-(e) 
shows polycrystalline graphene with misoriented polygonal features. The orientations of 
the etched pockets are denoted by the blue and red hexagons. The grain boundaries are 
drawn as dashed yellow lines. They pass through the vertices of the etched hole which 
lies on multiple graphene crystals that have coalesced. Figure adapted from [119] 
 
Thus, in summary, it was experimentally observed that a high temperature growth 
at or above 1000oC ensures that the underlying Cu surface orientation has minimum 
effect on graphene nucleation and growth behavior. Furthermore, growth in ambient 
pressure minimizes Cu sublimation and has a broader tolerance of growth parameters 
which result in edge attachment kinetics culminating in perfect hexagonal graphene 
islands by Wulff construction. A high H2 partial pressure is desirable to suppress 
nucleation density and produce hexagonal graphene domains. The primary active species 
involved in graphene growth by CVD belongs to CHx group (1<x<4). Surface oxygen 
reduces the nucleation density and typically promotes diffusion limited kinetics. Lastly, 
polycrystalline graphene domains are unavoidable under typical process parameters 
employed during graphene growth.  
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1.4 Cold Wall CVD 
In a cold wall CVD process, only the substrate is heated with the chamber walls 
housing the substrate remaining at room temperature. Cold wall CVD offers distinct 
advantages over hot wall CVD. Since only the substrate is heated by resistive, RF or 
induction heating, the degree of contamination of the reactor walls by the decomposition 
of the reactants is very low in cold wall CVD. The amount of depletion of reactant 
species due to reaction at the walls is also low. Due to low thermal mass of the substrate 
and the holder housing the substrate, less power is needed to heat a substrate to a desired 
temperature in cold wall CVD. Other advantages, which have led to wide acceptance of 
the technique in microelectronics manufacturing, include a significant reduction in gas 
phase chemical reactions and rapid sample heating and cooling that can significantly 
reduce growth times. Despite these advantages, cold wall CVD is rarely used to grow 
graphene. Consequently, the relationship between growth parameters and film 
morphology is not well understood.  
Existing reports have focused on fabrication of continuous single-layer films or 
on optimizing growth parameters to produce large single crystal nuclei. These efforts 
have employed low pressure CVD (LPCVD) at total pressures in the 10s of millitorr to 
few torr range. [34,91,120–125] The effects of growth parameters like catalyst surface, 
temperature, precursor gases and growth pressure on graphene growth using cold wall 
CVD have been studied by several research groups. Kidambi et al. carried out a study to 
come up with a rationale behind choice of carbon precursor and growth temperature and 
explore means to suppress Cu sublimation by using hydrocarbons other than methane. 
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They showed the importance of a balanced CH4/H2 ratio, evolving Cu surface that may 
influence graphene growth and the understanding of an optimum supplied carbon 
chemical potential which affects quality of as-grown films. [52] Miseikis et al. used a 
commercially available cold wall CVD system to grow graphene. They explored several 
methods to reduce the graphene nucleation density as well as increasing the growth rate. 
Using native or thermally grown copper oxide films passivating the Cu catalyst surface 
they reduced the graphene nucleation density and also increased the growth rate of 
graphene crystals. They also employed a Cu-pocket configuration enclosing the precursor 
gases that enabled growth of large mm-sized graphene. [91,121] 
It has been observed that graphene grown using cold wall CVD can progress by 
either of two very different growth modes. The first is similar to that observed for hot 
wall CVD; formation of isolated nuclei that impinge to form a continuous film. 
[34,91,126] In contrast, Bointon, et al. [120] suggest that the graphene film evolves from 
a thick carbon layer formed at early growth stages. They find that this thick layer 
becomes thinner and forms isolated nuclei that finally impinge to form a complete film.  
Cold wall CVD method enables study of graphene growth in environmental 
scanning electron microscope (ESEM). Real time observation during LPCVD of 
graphene at different substrate temperatures in an ESEM confirmed the influence of Cu 
surface dynamics and elucidated the different stages of graphene nucleation and growth. 
[126] Wu et al. used electromagnetic induction to rapidly heat the Cu substrate. This 
method also enabled rapid cooling of the substrate to terminate graphene growth. The 
authors investigated graphene growth at temperatures of 1050oC, 1100oC and 1150oC for 
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growth durations ranging from 10 seconds to 60 seconds at chamber pressure of 1.6 torr. 
They attribute the observations made during this study to the rapid heating and cooling of 
the substrate. They noted that graphene domain density and average size are independent 
of growth temperature using their unique growth technique and for the growth conditions 
employed during the experiments. They also observed that the nucleation phenomenon 
occurred only in the initial moments of the growth duration with no new nuclei forming 
as the experiment progressed. Another observation made by the authors was the transition 
of shape of graphene domains from dendritic at 1050oC to hexagonal at 1100oC to 
circular at 1150oC. They also noted that while the graphene domains grown at 1100oC 
remain hexagonal with increase in growth times, the domains grown at 1050oC evolve 
from “diamond to tetragonal-star and then hexangular star shape” and the domains at 
1150oC evolves from a “quasi-hexagonal to circular shape”. They proposed that such 
evolution of graphene shape is due to diffusion limited growth at 1050oC, attachment 
limited growth at 1100oC and detachment limited growth at 1150oC. [34] Guo et al. 
studied the rapid synthesis of graphene on liquid Cu by vertical flow cold wall CVD 
under both high and low pressure conditions. [125] They noted compact hexagonal shape 
of graphene at higher chamber pressure of ~500 torr and dendritic morphology of 
graphene at lower chamber pressure of <7 torr. They further pointed out that owing to a 
vertical flow configuration of their chamber, the graphene growth durations were 
shortened substantially compared to horizontal flow configurations employed in most hot 
wall CVD growths.   
Thus, graphene growth was investigated in the low-pressure regime so far using 
38 
 
cold wall CVD. Furthermore, 25 μm thick Cu foils were largely employed. The 
relationship between growth parameters and graphene morphology is yet to be explored. 
Furthermore, most of the cold wall CVD groups carry out their experiments in 
commercially available reactors. The present work is the first comprehensive study 
undertaken in the cold wall APCVD growth of graphene.  We have further disproved 
Bointon et al.’s claim that graphene growth in cold wall CVD occurs by a different 
adsorption based growth mechanism by conclusively showing on different Cu substrates 
at a range of parameters that growth occurs by the classical 2D nucleation and growth 
mechanism. [120] In the less explored field of cold wall CVD graphene growth, the 
present study is the first one to undertake a systematic experimental approach to study the 
growth parameters with graphene morphology. It is the first study to report graphene 
growth behavior by APCVD in the cold wall CVD field. It is also the first to explore 
graphene growth on liquid Cu while the sputter deposited Cu films, described in section 
3.5, are among the thinnest Cu films used for graphene growth experiments.  
1.5 Pre-Coalescence Scaling of Island Sizes Theory 
The various aspects of graphene CVD growth have been extensively investigated 
in previous studies with a view towards optimizing growth to increase the lateral 
dimension of single-crystal graphene domains yielding a range of theoretical 
interpretations of observed results. The nature of C clusters as nucleating species, the role 
of hydrogen and oxygen in graphene growth and the effect of temperature and the ratio of 
precursor gases on graphene island density and sizes have been studied in some detail. 
[85,94,95,106,107,111,127] These investigations have sometimes reached contradictory 
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conclusions. The identification of the dominant graphene growth mechanism is often 
attributed to the shape of the graphene domains and several growth kinetics models have 
been developed to justify the mechanisms. [95,107,108,111,124,128,129] Some 
investigators have concluded that incorporation of diffusing C-containing species at the 
edge of isolated crystallites is the rate-limiting step in graphene growth. [107,108,130] 
Others suggest that precursor decomposition [128] or surface diffusion [131] may be the 
rate-limiting step. Recently, exposing the Cu substrate to oxygen prior to growth 
[107,110] or supplying oxygen during growth [111,130] has been shown to dramatically 
affect graphene CVD.  The more rapid growth of graphene crystallites on oxygen-
exposed Cu surfaces has been attributed to diffusion-limited growth in contrast to the 
slower, attachment-limited growth on Cu surfaces that have not been exposed to oxygen. 
[107,110]  Even though the various growth models vary in their formulations while 
describing a similar growth process, one key common assumption of the edge attachment 
limited growth models is that the nucleation process is instantaneous and hence the 
graphene coverage rate is proportional to the area of the graphene domains. 
[95,108,124,128,129] Such simplistic proportionality does not exist in the real word CVD 
process where continuous nucleation and simultaneous growth is often observed. 
[93,107,130,132] In the event of surface diffusion limited graphene growth, models are 
developed considering only the growth of a single isolated island ignoring the 
competition between the growth of adjacent domains. [107,111] Thus, despite the intense 
scrutiny that graphene CVD has attracted, there remain gaps in our understanding of the 
atomistic pathways involved in graphene growth. To resolve these contradictions and 
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gain further insight into the atomistic mechanisms of graphene CVD, it would be 
beneficial to have a straightforward method of determining which of the many steps 
involved in graphene CVD was rate limiting.   
In the 1990s, Bartelt and Evans [133,134] developed a scaling theory of pre-
coalescence island growth showing that data from island size distributions would collapse 
onto a common scaling curve provided the atomistic mechanisms underlying film growth 
were the same. They showed N(s) = θ/<s>2 g(s/<s>) where g(x) is a dimensionless scaling 
function, <s> is the average island size and θ is the coverage. They formulated this 
relation by considering a case of surface diffusion mediated irreversible aggregation of 
adatoms on perfect substrates and performing Monte Carlo simulations to verify their 
scaling theory model. In such a process, we can define F as the random constant rate of 
deposition or flux, D as the hopping rate of the deposited particles or the diffusion rate, θ 
as the total dose or flux over time t, or the coverage. As D/F ratio increases, adatoms can 
travel longer distances before encountering an existing island or other adatoms, which 
results in lower density and larger average size. The island distribution thus depends on 
the total coverage and the D/F ratio and the density of islands of size s at a given time t 
will scale with size s according to equation 1.1 
𝑁(𝑠)~(𝐹𝑡)2𝑤+1 (
𝐷
𝐹
)
−2𝜒
𝑔 (𝑠(𝐹𝑡)𝑤 (
𝐷
𝐹
)
−𝜒
)                                                                  (1.1) 
where χ and w are the exponents governing the dependence of island density on coverage 
and D/F respectively and g(u) is the dimensionless scaling function, such that g(u) 
satisfies  ∫ 𝑔(𝑢)𝑑𝑢
∞
0
= 1 and ∫ 𝑢𝑔(𝑢)𝑑𝑢
∞
0
= 1. The average island size <s> can be 
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defined as equation 1.2, 
< 𝑠 >=
∫ 𝑠𝑁(𝑠)𝑑𝑠
∞
0
∫ 𝑁(𝑠)𝑑𝑠
∞
0
                                                                                                          (1.2) 
Substituting equation 1.2 into equation 1.1, we get the expression 1.3, 
< 𝑠 >=
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                                                                   (1.3) 
Since g(u) satisfies  ∫ 𝑔(𝑢)𝑑𝑢
∞
0
= 1 and ∫ 𝑢𝑔(𝑢)𝑑𝑢
∞
0
= 1, and at a fixed dose F, 𝐹𝑡~𝜃, 
we obtain equation 1.4,    
< 𝑠 > ~(𝜃)−𝑤 (
𝐷
𝐹
)
𝜒
                                                                                                       (1.4)   
Substituting equation 1.4 into equation 1.1 we get the scaling relation of N(s), 
𝑁(𝑠)~
𝜃
<𝑠>2
𝑔(𝑠/< 𝑠 >)                                                                                                (1.5)   
Bartelt, Evans and others went on to show that the scaling function was sensitive 
to the atomistic details of film growth such as the surface diffusion rate, pair bond 
energies, etc., in addition to growth parameters such as deposition flux and substrate 
temperature. [135,136] Remarkably, N(s) for films that follow the same atomistic 
processes will exhibit nearly identical scaling functions. That is, data from very different 
N(s) obtained from films with different coverages or even grown using different 
conditions will collapse onto the same scaling function provided the underlying atomistic 
processes are the same.  In contrast, qualitatively different scaling functions signal 
differences in the underlying atomic processes.  Often, in combination with computer 
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simulations and atomistic modeling, a particular scaling function could be associated with 
an atomistic detail underlying film growth. [137–143] 
The Johnson-Mehl-Avrami-Kolmogorov (or Avrami) power law distribution[141] 
for a system where islands nucleate with constant probability per unit time per unit area 
of a substrate and 2D islands grow with a constant radial growth rate is expressed as 
f(s/<s>) = (12s/<s>)-1/2 for 0 < s/<s> < 3 and f(s/<s>) = 0 for s/<s> ≥ 3. It is a 
monotonically decreasing scaling function. Figure 1.15 describes the island size 
distribution (ISD) for a deposition, diffusion and aggregation model, where the islands 
have different probabilities 𝜐 of absorbing the adatoms depositing at a constant rate F and 
diffusing across the surface with diffusion constant D developed by Robbie and Mulheran 
[144]. From the figure, it is apparent that when the probability of absorbing the 
monomers is low, i.e. for an attachment-limited growth, the island size distribution is 
monotonically decreasing in the early stages of deposition (for low coverages) and 
matches well with the Avrami power law function also plotted in the same figure. In such 
a case, when coverage θ is low, if the early formed nuclei are poor traps for the adatoms, 
further nucleation is likely to continue satisfying Avrami model. As coverage increases, 
even if the islands are poor traps for the adatoms, the sheer increase in density and size of 
the islands mean the adatoms can readily diffuse and attach to the existing islands driving 
down nucleation. This changes the ISD to a peaked function. Thus, at higher coverages, 
the distribution does not scale, and transforms from a monotonically decreasing to a 
peaked function. We refer to this work in section 3.3 to highlight an example of ISD for 
attachment-limited kinetics observing Avrami scaling behavior.  
43 
 
 
Figure 1.15 Island size distributions for different absorption probabilities 𝜐 at θ=0.05 and 
θ=0.30. The low absorption probability denotes attachment limited kinetics. The Avrami 
power law is also depicted. At θ=0.05, the distributions are monotonically decreasing for 
𝜐=0.01 and 0.016. Adapted from [144] 
 
Figure 1.16 depicts an ISD computed from a Monte Carlo model of atomistic 
solid-on-solid hetero-epitaxial growth for different values of misfit between the island 
and substrate, where atoms are randomly deposited and can hop onto a nearest 
neighboring site at rate 𝐷𝑒
−𝑛𝐸𝑁
𝑘𝐵𝑇  where diffusion rate 𝐷 =
2𝑘𝐵𝑇
ℎ
𝑒
−𝐸𝑠
𝑘𝐵𝑇, EN is the effective 
pair bond energy, ES is the diffusion activation energy and n=0-4 is the number of nearest 
neighbors surrounding the adatom before it diffuses to another site. In this model Ratsch 
et al. considered different misfits of the islands and substrates to generate strained islands 
and their primary effect of reducing the barrier encountered by an atom to detach from a 
strained island. [138] They further considered that the strain relief by detachment will 
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occur primarily at the island edges. The main conclusion from this ISD was that as the 
misfit increases so does the strain at the edges of the larger islands and the islands relax 
by releasing atoms by detachment from their edges. The detached adatoms formed new 
nuclei which were relatively unstrained. This result in a peaked distribution with the peak 
becoming narrower and shifting towards the smaller island sizes at higher misfit between 
islands and the substrate, suggesting higher rates of adatom detachment from boundaries 
of larger islands. This ISD is invoked in section 3.3 to explain diffusion-limited graphene 
growth kinetics in the presence of elevated surface O2 concentration, which reportedly 
reduces the detachment barrier of C from graphene edge by scavenging the edge 
terminating H atoms which stabilize the graphene edge.  
 
Figure 1.16 Island size distribution for different misfit values. The peak shifts towards 
smaller island sizes and narrows as misfit increases. Adapted from [138].  
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1.6 2D Nucleation and Growth Theory 
Graphene growth on Cu by two-dimensional nucleation and growth has been 
observed in hot wall CVD experiments. [108] The primary goal of the present study is to 
conclusively prove that graphene follows the classical nucleation and growth mechanism 
in cold wall CVD. We will seek to demonstrate this behavior on 4 different substrates 
under various gas admixtures at atmospheric pressure. Before we delve into the detailed 
description of the experimental setup used in this research and the results obtained, a 
simple perspective of classical two-dimensional nucleation and growth theory is given 
here.  A rigorous formal treatment of this theory can be found in reference [59]. 
In 2D nucleation and growth [58,59,145,146] , the first step is the nucleation of a stable 
island. This is driven by the chemical potential difference between the dilute phase of the 
solute, consisting of adatoms on the substrate, before the formation of the nucleus (𝜇𝑑) 
and the stable condensed phase after its formation (𝜇𝑐). This difference in chemical 
potential (𝜇𝑑 − 𝜇𝑐)  is also known as “supersaturation”, defined as the ratio of the actual 
concentration of the solute to the equilibrium concentration of the solute, with the 
concentration terms multiplied by the respective activity coefficients. If this chemical 
potential difference (𝜇𝑑 − 𝜇𝑐) is large enough to overcome the energy barrier for 
nucleation, a stable nucleus will form from the adatoms in solution. The stable nucleus 
size will just exceed the critical nucleus size (i) which is derived from the maximum 
value of the nucleation energy barrier. Besides the chemical potential difference (𝜇𝑑 −
𝜇𝑐), the energy barrier for nucleation depends on the area 𝐴𝑖  and edge energy of the 
nucleus 𝛾, surface energies of the nucleus 𝜎𝑖  and the substrate 𝜎𝑠 and the interfacial 
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energy between the nucleus and the substrate 𝜎𝑖𝑠. The time required to form the first 
nucleus is known as the incubation time. The incubation time is influenced by the flux 
rate of the material contributing adatoms to the solute. It decreases with increase in flux 
rate (F). Thus, the first stage is also known as incubation period that extends from the 
time of the introduction of flux in the system to the onset of nucleation. The free energy 
of island formation (∆𝐺) is thus given by  
∆𝐺 = (𝜎𝑖 + 𝜎𝑖𝑠 − 𝜎𝑠) ∗ 𝐴𝑖 + 𝑁(𝜇𝑐 − 𝜇𝑑) + 𝛾𝑙  (1.6) 
where, N is the number of atoms in the nucleus, 𝑙 is the perimeter of the nucleus, 𝐴𝑖 ∝ 𝑁 
and 𝑙 ∝ √𝑁 .                             
The second stage consists of simultaneous nucleation of new islands and growth 
of existing islands. The adatoms in this stage can attach at the edges of existing islands 
and result in island growth or they can agglomerate and form new islands, increasing 
island density. While the nucleation density (N) will be increased by the formation of 
new islands in this stage, the new islands may also “impinge” on each other by growth 
and reduce the density of isolated islands. Thus, the rate of stable nuclei formation 
(
𝑑𝑁𝑥
𝑑𝑡
) can be expressed as  
 
𝑑𝑁𝑥
𝑑𝑡
= 𝐹𝑖 − 𝐹𝑔  (1.7) 
where 𝐹𝑖 is the rate of stable nucleus formation and 𝐹𝑔 is the rate of decrease of nuclei by 
“coalescence”. The rate of nucleation of stable new islands depends on the diffusion rate 
of the adatoms (D), the flux rate (F), the residence time of the adatoms (τ) and the critical 
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nucleus size (i). The diffusion rate is expressed in terms of the adatom’s diffusion 
coefficient given as 𝐷 = 𝐷𝑜(𝑇)𝑒
−𝐸𝑑
𝑘𝐵𝑇, where Ed is the diffusion barrier and Do is the pre-
exponential factor. It is found that nucleation density varies with diffusion rate to flux 
rate ratio (D/F) as 𝑁 ∝ (
𝐷
𝐹
)
−𝜒
, where 𝜒 is a positive exponential factor that depends on 
the critical island size (i). Thus, nucleation density increases with flux and decreases with 
increasing diffusion coefficient. [147] The growth rate of existing islands depends on the 
concentration of adatoms influenced by flux rate (F), the island perimeter and the net rate 
of adatom attachment at the island edge. The growth rate 
𝑑𝐴𝑖
𝑑𝑡
 can be formulated from the 
concentration of the adatoms Co and island perimeter √𝐴𝑖 such that                                   
𝑑𝐴𝑖
𝑑𝑡
= 𝑘1𝐶𝑜√𝐴𝑖 − 𝑘2√𝐴𝑖  (1.8) 
where 𝑘1 governs the rate of adatoms attaching to the island perimeter and 𝑘2 governs the 
rate of adatoms detaching from the island perimeter. 
The third stage involves continued growth of existing islands at a constant island 
density. The onset of this stage is demarcated by a steady state where no new nuclei will 
form. This is defined by a “saturation nucleation density” Ns which when reached, the 
adatoms can diffuse to existing islands faster than they can bump into other adatoms and 
form new stable nuclei. The condition for saturation nucleation density is thus met when 
the rate of flux equals the rate of attachment to an existing island. Once the saturation 
density is reached, the existing islands continue to grow until the island growth fronts 
“impinge” on each other and “coalesce” to form a 2D continuous polycrystalline film.  
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Thus, 3 distinct regimes arise, (1) an incubation period, of no nuclei formation, 
(2) a simultaneous nucleation and growth regime and (3) a growth regime at constant 
saturation density. We will investigate this 2D nucleation and growth behavior of 
graphene on different Cu substrates and explore the effect of precursor flux rate and 
composition on the incubation time, saturation density and growth rate of graphene. 
1.7 Dissertation Layout 
In the preceding sections, I have briefly introduced the atomic structure and its 
important role in defining the unique properties of graphene, the synthesis of graphene by 
top down and bottom up approach and the current picture of the relationship of graphene 
CVD growth parameters with its morphology. It was also pointed out that graphene 
synthesis by cold wall CVD is less explored compared to its hot wall counterpart. I 
further noted that a systematic experimental approach and fundamental surface science 
theories can be invoked to elucidate the impact of the cold wall CVD process parameters 
on its growth characteristics.  
To facilitate a comprehensive understanding of real world process parameters on 
graphene growth by cold wall CVD, a repeatable controlled experimental setup is 
required. In the next chapter, I will describe in detail a fully automated, LabVIEW 
process-controlled growth method in a multi-chamber CVD system. The various 
chambers will be described in detail followed by a delineation of the growth process 
control setup using LabVIEW. Next the sample preparation techniques for the supported 
Cu catalysts, used as the substrate for graphene growth, will be described followed by the 
four stages in the graphene growth process by cold wall CVD – a pre-annealing step, an 
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annealing stage, the graphene growth stage and post growth stage. A brief overview of 
the various characterization techniques used in this research work will be laid out next in 
section 2.5.  
The results and discussion chapter will entail the results and observations of the 
graphene growth experiments along with their explanations. First, the effect of total flow 
rate, CH4:H2 ratio and dilution of the CH4/H2 mixture by Ar at a fixed substrate 
temperature of 1000 °C and total pressure of 700 torr, on the nucleation density, average 
size and shape morphology of graphene crystallites grown on electrodeposited Cu will be 
discussed in section 3.1. Next, I will describe and interpret the experimental results of 
graphene growth on recrystallized Cu in section 3.2, followed by a depiction of the 
differences of the growth characteristics of graphene on three different substrate types, 
recrystallized Cu annealed in Ar/H2, electrodeposited Cu annealed in Ar/H2 and 
electrodeposited Cu annealed in Ar only. The scaling functions of the size distribution 
plots from these samples will be analyzed and compared to the theoretical models of pre-
coalescence island growth to reveal their growth mechanism in section 3.3. Following 
that, I will describe the results obtained from a systematic study of graphene growth on 
liquid Cu in section 3.4. Graphene growth on thin sputtered Cu will be discussed next in 
section 3.5 along with the implications of temperature gradients along the resistively 
heated substrates, effect of chamber pressure and effect of rapidly heating substrates in a 
methane environment. Finally, I will summarize the key results obtained in the final 
concluding chapter 4.      
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2 EXPERIMENTAL METHODS 
In this chapter, we will explore in detail the cold wall chemical vapor deposition 
(CVD) system used for the experiments in this research work, the sample preparation 
methods and typical experimental process for graphene growth and the techniques used to 
characterize the as-grown graphene on Cu both qualitatively and quantitatively. 
2.1 Chamber Setup 
Graphene synthesis was carried out in a home-built ultra-high vacuum multi-
chamber cold wall CVD system. The system comprises a turbo-pumped load lock for 
quick sample exchange, an ion pumped metal deposition chamber, and a turbo-pumped 
cold wall CVD chamber for graphene growth on supported thin metal films. Figure 2.1 
depicts the sequence of the three chambers.  
 
Figure 2.1 Photograph showing the entire multi-chamber cold wall CVD system. 
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2.1.1 Load Lock 
The load lock chamber is the first chamber in the multi-chamber system. It is 
pumped by a Pfeiffer turbomolecular pump (TMP) backed by a diaphragm roughing 
pump. The TMP can pump down the load lock from atmospheric pressure to high 
vacuum conditions in approximately 20 minutes. A magnetically coupled 3 feet long 
sample transfer arm is attached to the load lock along its center axis. The transfer arm has 
a three-pronged metallic capture tool that can secure the “bird beak” hook of the sample 
holder for safe sample transfer to the subsequent chambers. The viton-sealed door of the 
load lock chamber allows for quick sample exchange or removal. A pneumatically 
controlled gate valve separates the load lock from the metal PVD chamber. In a typical 
experiment, the load lock is first isolated from the rest of the chamber system by closing 
this gate valve and then vented to atmospheric pressure under positive N2 gas flow by 
switching off the pumps. Once the sample holder is removed or loaded onto the transfer 
rod, the viton-sealed door is closed, the N2 gas flow is turned off and the chamber is 
evacuated by switching on the pumps. A labeled photograph of the load lock is shown in 
figure 2.2a. The sample holder is shown in figure 2.2b. It consists of a stainless-steel base 
with a “bird beak” hook at one end that can be captured by the transfer arm. Two Ta 
blocks secure the sample on the Ta electrode sheets underneath. Mo screws and nuts are 
used to hold the Ta blocks. The Ta electrodes make contact with the sample dock for 
resistive heating. The Ta electrode sheets and the Ta blocks are separated from the 
metallic base by machined pyrolytic Boron Nitride (PBN) blocks.  
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Figure 2.2 (a) Photograph showing the load lock of the multi chamber system. (b) Sample 
holder comprising Ta blocks which secure the sample on the Ta sheets isolated from the 
base by PBN blocks. The “bird beak” hook on the right is captured by the transfer arm.   
 
2.1.2 PVD Chamber 
Samples can be transferred into the metal physical vapor deposition chamber 
(PVD chamber) after the load lock has been turbo pumped to the 10-7 torr range, which 
requires about 20 minutes. The PVD chamber is maintained under ultra-high vacuum 
(UHV) conditions using a 240 l/s Varian StarCell ion pump, which can be isolated from 
the chamber by a manual gate valve. It is a versatile cylindrical chamber with 18 access 
ports including an 8” vacuum pump port at its base, seven 6”, eight 4-1/2” and two 2-3/4” 
metal seal conflat flanges (CF) with tube diameters of 6”, 4", 2-1/2" and 1-3/4”, 
respectively. The various ports accommodate a sample dock attached to a XYZ 
manipulator and electrical feedthroughs, a Cu source, an Au source, a quartz crystal 
microbalance (QCM), an ion gauge and a manual shutter that can be used to cut off either 
Au or Cu metal deposition flux. The chamber is separated from the load lock by a 
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pneumatic gate valve and from the CVD chamber by a manual gate valve. A labeled 
photograph of the PVD chamber is shown in figure 2.3. 
 
Figure 2.3 Photograph showing the front and back of the UHV PVD chamber including 
all the access ports.  
 
The sample dock is located at the center of the chamber and using the XYZ 
manipulator, can be lifted out of the way to facilitate the transfer of the sample holder to 
the CVD chamber. The sample dock has two Be-Cu electrode arms that can make 
electrical contact with the two Ta electrodes of the sample holder, shown in figure 2.2b. 
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The dock faces 45o away from the bottom of the chamber which helps align the sample 
center to the line of sight of an optical pyrometer, mounted outside a viewport of the 
chamber. 99.9999% pure Cu and 99.999% pure Au can be evaporated from their 
respective alumina coated W baskets and deposited to grow Au, Cu or Au-Cu alloy films.  
Deposition fluxes are monitored in situ by a quartz crystal microbalance (QCM) that has 
been calibrated using Rutherford backscattering spectrometry (RBS). QCM can monitor 
the shift in the resonant frequency of the quartz crystal when a thin film is deposited or 
mass is added to the crystal. A pneumatic shutter, operated using 40 psi N2 pressure, is 
attached to the QCM and is opened prior to the metal deposition. 
During transfer, the metal deposition chamber pressure rises to 5X10-9 torr and 
recovers to its base pressure of 7X10-10 torr in 30 minutes. Preliminary graphene growth 
experiments were attempted on in situ deposited thin metal films. The metal films were 
deposited on 99.95% pure 125 μm thick W or Mo substrates. Prior to deposition, the 
substrates were annealed at 1200oC by resistive heating for two hours using a Sorensen 
DCS 33-33 power supply. The substrate temperature was monitored using an optical 
pyrometer operating in two color mode. After annealing, the substrate was allowed to 
cool down to the room temperature. The manual shutter was then appropriately 
positioned either over Cu source, Au source or in between the metal sources for Au, Cu 
or Au-Cu alloy deposition respectively. The metal source/s was/were resistively heated 
using a Lambda LLS9400 power supply to above their melting point for the required 
duration for film deposition of certain thickness. After the metal deposition process, the 
sample holder was retrieved using the transfer rod, the sample dock lifted using the XYZ 
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manipulator and the holder then transferred to the CVD chamber. 
Significant challenges were encountered while growing graphene on the in situ 
deposited metal films in a controlled manner. The metal films, of thickness ranging 
between 200-300 nm, were unstable at the growth temperature of graphene (900oC to 
1090oC). Significant portions of the thin metal films at the center of the substrate were 
lost when the samples were resistively heated to the growth temperature. The narrow 
cross-sections of the metal substrates (2 mm X 125 μm) result in large current densities as 
well as temperature gradient along the sample length during the resistive heating of the 
thin metal films. There are also minor local fluctuations in temperature and current 
densities owing to metal evaporation at high temperature and heat dissipation away from 
the sample center. Furthermore, the current demand to maintain a fixed temperature 
decreases in the initial few minutes as resistance increases before settling at a fixed value. 
These provide significant challenges in temperature control of the substrate. Along with 
Cu evaporation, dendritic growth of Cu was observed in these thin films with various 
“snowflake”-shaped patterns appearing over the metal surface. This is similar to the 
dendritic patterns observed by Paronyan et al. in thin Cu films (300-500 nm) even at 
temperatures of 920oC. [103] They noted that surface melting of metal films occurs at 
temperatures close to the melting point of the metal and attributed the dendritic features 
to minor disturbances in the unstable thin liquid-solid interface while cooling the sample 
after growth.  
Hence, ex situ deposited metal films of higher thickness were used subsequently 
to fix these issues. Sputter deposition, electrodeposition and metal foils of Cu were 
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chosen for this purpose. A higher Cu film thickness resulted in better temperature control 
of the substrate, eliminated the occurrences of complete Cu loss at sample center and 
substantially mitigated formation of any dendritic metal structures by ensuring that the 
melted thin film at the top is just a small fraction of the bulk solid Cu film. Ex situ 
deposited metal films are directly transferred from the load lock to the CVD chamber 
through the PVD chamber which acts as a buffer chamber in this case. 
2.1.3 CVD Chamber 
The cold wall chemical vapor deposition (CVD) chamber has six access ports 
which are 6” diameter conflat flanges with 4” diameter tube. The six access ports 
accommodate a sample dock with electrical feedthroughs, a manual gate valve isolating 
the CVD chamber from the buffer chamber, two viewports, a vacuum pump port at its 
base and a top port housing gas flow tube and pressure and temperature monitoring 
devices. In the CVD chamber, we employed a vertical flow configuration with the 
precursor gas flow directed normal to the substrate surface. This has been depicted in 
figure 2.4.  
The CVD chamber is pumped by a Pfeiffer TMU 260 turbomolecular pump 
(TMP) backed by an Edwards RV-12 3.94 l/s rotary vane mechanical pump (MP). An 
electro-pneumatic backing valve separates the TMP and MP while a gate valve separates 
the bottom port of the CVD chamber from the TMP. The vent valve to the TMP and the 
backing valve can be operated in two modes using a custom-made switchbox. In the 
normal operation mode, if the TMP is switched off or in the event of a power loss, the 
growth chamber and TMP will be isolated from the MP by closing the backing valve. In 
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the second mode, the backing valve remains open even when the TMP is switched off to 
allow continuous pumping with the MP for graphene growth experiments using total gas 
flow rates greater than 150 sccm (a flow of 1 cm3/minutes at standard temperature and 
pressure).  The base pressure of the CVD chamber is in the high 10-9 torr range.  
Sample temperature is monitored using an Omega IR 2C infrared pyrometer with 
an accuracy of ±10 °C and the chamber pressure is monitored using a 1000 torr range 
capacitance manometer. The stainless-steel tube carrying the precursor gases and the 
capacitance manometer are attached to a 4-way mini-flange assembly, the bottom port of 
which is connected to the top flange of the CVD chamber. The pyrometer reads the 
substrate temperature through the top mini view-port of the 4-way mini-flange assembly. 
The distance between the point of gas introduction into the chamber and substrate surface 
is reduced by flowing the gas through a cylindrical flow tube attached to a welded tube 
on the inside of the top flange of the CVD chamber. The CVD chamber is also equipped 
with an ion gauge to measure the chamber pressure in UHV conditions. The ion gauge is 
turned off an hour before any experiment. 
The sample dock is mounted on a customized 6” CF flange that accommodates 
electrical feedthroughs for resistive heating. The dock has two phosphor bronze 
electrodes that make electrical contact with the Ta electrodes of the sample holder. 
Samples can be transferred through the buffer chamber into the growth chamber after the 
load lock has been turbo pumped to the 10-7 torr range, which requires about 20 minutes. 
During transfer, the buffer chamber pressure rises to 10-8 torr and recovers to its base 
pressure of 7x10-10 torr in about 30 minutes. The base pressure of CVD chamber is in the 
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low 10-9 torr range. The buffer chamber is isolated from the load lock and the CVD 
chamber by gate valves. 
 
Figure 2.4 Schematic of our cold-wall CVD chamber, showing all the main components.  
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2.2 Process Control and Automation 
During graphene growth in the CVD chamber, sample temperature, total pressure 
and precursor flow are computer-controlled via a LabVIEW interface ensuring precise 
run-to-run repeatability. The LabVIEW interface can read a user made recipe file, write 
or log the data in an output file and display the process variables real-time in its front 
panel. It has several subroutines known as virtual instruments (VIs) which control the 
various process controllers via RS 232 serial communication and acquire, display and log 
data from these controllers. The temperature feedback loop, the pressure feedback loop 
and gas flow feedback loop using respective controllers in the instrumental setup are 
depicted in figure 2.5. 
 
Figure 2.5 Block diagram of the electronics setup for the CVD chamber showing the 
various process controllers interfacing with the LabVIEW program 
 
Sample temperature was monitored using an infrared optical pyrometer operating 
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in two color mode. The pyrometer detects the intensity of thermal radiation from the 
sample at two different wavelength bands that lie close to each other and calculates the 
ratio of the two spectral radiances. Since this ratio varies proportionately to the 
temperature and the emissivities at the two closely spaced wavelengths are nearly 
identical, the two-color pyrometer can determine the sample temperature despite any 
stray source of radiation or barriers to the visual field of the pyrometer like gas particles 
and glass viewports. The pyrometer operates in the temperature range of 300oC to 1300oC 
and has a 3mm probing diameter at a distance of 22 cm from the sample. The pyrometer 
relays the temperature readings to an Eurotherm 2408 PID controller, which is controlled 
remotely by a LabVIEW VI. The Eurotherm can also resistively heat the sample with DC 
current by slaving a Sorensen DC power supply. This forms a feedback loop in which the 
Eurotherm monitors the sample temperature through the pyrometer and supplies current 
to the sample to reach or maintain a setpoint temperature as directed by the LabVIEW 
recipe file instructions. The Eurotherm PID controller settings vary for substrates with 
different dimensions, shown in table 2.1.  
Substrate Proportional 
band (Pb) 
Integral 
time (ti) 
Derivative 
time (td) 
High Cutback 
(Hcb) 
Low Cutback 
(Lcb) 
125 μm thick 
W/Mo 
substrates 
 
3700 
 
3 seconds 
 
off 
 
9900 
 
9900 
75 μm thick 
W/Mo 
substrates 
 
2144 
 
4 seconds 
 
off 
 
3424 
 
3424 
Table 2-1 Eurotherm PID controller settings for various substrate types 
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Ultra-high purity Ar, CH4 and H2 flow rates were regulated by individual mass 
flow controllers (MFC), respectively AIXTRON 10,000 sccm MFC, AIXTRON 5000 
sccm MFC and MKS 20 sccm MFC. Manual shutoff valves have been placed on each gas 
line to isolate the chamber from the gas lines when not in use or during emergency. The 
MKS 20 sccm MFC and the AIXTRON 5000 sccm MFC are controlled by MKS 146C 
Vacuum Gauge Measurement and Control System whereas the AIXTRON 10,000 sccm 
MFC is controlled by National Instruments USB-6001 DAQ device and powered by a 
15V DC power supply. The MKS 146C controller and NI USB-6001 DAQ controller are 
remotely controlled by a LabVIEW VI. This forms a feedback loop in which the 
controllers operate the MFCs at the setpoint gas flow rate as instructed by the LabVIEW 
recipe command for respective MFCs and monitor the real-time gas flow measurement 
through the MFC sense voltage. AIXTRON 10,000 sccm and 500 sccm MFCs are factory 
calibrated to H2 flow, whereas MKS 20 sccm MFC is calibrated to N2 flow. Hence gas 
correction factors must be used if the MFCs are utilized to flow gases different to the one 
used for their factory calibration. The gas correction factors for H2, Ar and CH4 with 
respect to N2 are 1.01, 1.39 and 0.72 respectively. 
The pressure was measured using a 1000 torr range Baratron capacitance 
manometer regulated using a down-stream throttle valve, shown in figure 2.4. The 
Baratron and the throttle valve are controlled and monitored by a MKS 651C pressure 
controller which interfaces with LabVIEW. This forms a feedback loop in which the 
controller monitors the real-time chamber pressure using a Baratron and maintains or 
regulates the setpoint pressure from LabVIEW recipe file command via a throttle valve.  
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An example of a LabVIEW recipe file is discussed later in section 2.4 and is depicted in 
table 2.2.  
2.3 Sample Preparation 
We have investigated graphene growth by atmospheric pressure CVD (APCVD) 
on four different types of supported Cu films. We have utilized 4 μm thick electro-
deposited Cu films on 125 μm thick W supports, 250 µm thick recrystallized Cu films on 
75 μm thick Mo supports and 1.4 μm thick sputtered Cu films on 125 μm thick W 
supports for graphene growth on solid Cu experiments. We employed 500 μm thick 
electrodeposited Cu films on 75 μm thick bent Mo supports for graphene growth on 
liquid Cu experiments. The sample preparation processes are hereby described for each 
substrate type. 
Cu films on refractory substrates produced by electrodeposition or from pure Cu 
foils were freshly prepared prior to the graphene growth experiment. Cu films produced 
by sputter deposition were manufactured in batches of 15 samples and stored in a sterile 
container for experimental use.  
2.3.1 Electrodeposited Cu 
Tungsten (W) was chosen as the substrate of choice for the electrodeposited Cu 
films due to its high melting point (3422oC) and high surface energy (3.68 J/m2). [148] 
From the W-Cu phase diagram in figure 2.6, W does not have a stable phase with Cu in 
the temperatures employed for graphene growth. 125 µm thick 99.95% pure W foil was 
cut into 30 mm x 2mm strips using electrical discharge machining by Fanuc Tape-Cut 
W2 tool. These strips were then annealed at 2000°C inside a Centorr refractory metal 
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furnace in batches of 20 in an Ar ambient at atmospheric pressure for 6 hours to reduce 
surface roughness and increase the polycrystalline grain size. Prior to and after the 
annealing, any native oxide was removed by dipping in a freshly prepared 2 molar 
solution of KOH/water. The strips were subsequently sonicated in first acetone and then 
methanol and blown dried. 
 
Figure 2.6 Cu-W phase diagram obtained from [149]. No Cu-W phase in observed at the 
temperature range explored in this work. 
 
Electrodeposition was carried out in a home-built Cu electrodeposition setup, 
depicted in figure 2.7. Electrodeposition is an electrochemical reaction taking place in an 
electrolytic cell and consists of two half-cell reactions: oxidation at the anode and 
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reduction at the cathode. The electrolytic cell consists of an anode, a cathode, an 
electrolytic solution and an external battery or power supply unit. For Cu 
electrodeposition, we have used 6N Cu foil (Alfa Aesar) as the anode and annealed W 
substrate as the cathode. These electrodes were secured in stainless steel holders and 
immersed in a 300 ml electrolytic solution of 1M CuSO4 and 1M H2SO4 held in a beaker. 
The electrodes were held at a fixed distance of 1.8” by Al blocks clamped on a bakelite 
cap covering the beaker. The anode was connected to the positive terminal and the 
cathode to the negative terminal of the power supply. A constant DC current of 5mA was 
supplied for 85 minutes to electrodeposit 4μm thick Cu film on W.  
During the Cu electrodeposition process, when current is passed, the CuSO4 in the 
electrolyte dissociates into Cu2+ and SO4
2- while the Cu from the anode will be oxidized 
to Cu2+ ions by losing 2 electrons and dissolve into the electrolyte. Cu2+ ions will be 
reduced to Cu by accepting two electrons from the cathode (W substrates) and thus 
depositing Cu on the W substrate. H2SO4 lowers the pH of the solution, helps keep 
CuSO4 in solution and increases the conductivity of the electrolyte by dissociating into H
+ 
and SO4
2- ions. The half-cell reaction at the anode is 𝐶𝑢 → 𝐶𝑢2+ + 2𝑒− while at cathode 
the half-cell reaction is 𝐶𝑢2+ + 2𝑒− → 𝐶𝑢, with a standard redox potential of 
Eo=+0.337V.  
The time required to deposit a certain thickness of Cu film can be derived from 
Faraday’s law of electrolysis, which states that the amount of material deposited on an 
electrode is proportional to the amount of current used. Thus, from the total charge Q 
required to reduce m moles of a metal for n number of electrons taking part in the 
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reduction, we can obtain the relation in equation 2.1, 
𝑚 =
𝑄
𝑛𝑁𝐴𝑄𝑒
=
1
𝑛𝑁𝐴𝑄𝑒
∫ 𝐼𝑑𝑡
𝑡
0
,                                                                                            (2.1)          
where I is the deposition current, t is the deposition time, Na is the Avogadro Number 
(6X1023) and Qe is the charge of an electron (1.6X10
-19C). The product of Na and Qe is 
known as the Faraday constant (F) which has a value of 96,500 C. The thickness of the 
Cu metal deposited () can be subsequently derived from the weight of Cu deposited and 
is shown in the expression shown in equation 2.2, 
 =
𝑚𝑀𝐶𝑢
𝜌𝐶𝑢𝐴
=
𝑀𝐶𝑢
𝑛𝐹𝜌𝐶𝑢𝐴
∫ 𝐼𝑑𝑡
𝑡
0
=
𝑀𝐶𝑢𝐼𝑡
𝑛𝐹𝜌𝐶𝑢𝐴
 ,                                                                            (2.2) 
where MCu is molar mass of Cu (63.5g), ρCu is the density of Cu (8.93 g/cc), and A is the 
area of the W substrate on which Cu was electrodeposited. The number of electrons 
participating in the 𝐶𝑢2+reduction reaction at the cathode is 2.  
The electrodeposition process is stopped after the required duration of time by 
terminating the current supply. After electrodepositing the Cu film, the Cu/W substrate 
was rinsed in deionized water (18 MΩ-cm), sonicated in methanol and dried with a heat 
gun. The freshly-prepared substrate was then secured to the sample holder by the two Ta 
blocks, loaded in the load lock and subsequently transferred to the CVD chamber under 
UHV.   
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Figure 2.7 Schematic of the copper electrodeposition setup used in this work. Pure Cu 
anode and the W substrate cathode were immersed in a 300 ml electrolytic solution of 
1M CuSO4 and 1M H2SO4 held in a borosilicate beaker. The SS sample holders holding 
the electrodes are secured in a bakelite cap using Al blocks. Constant direct current was 
provided by an external power supply.  
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2.3.2 Recrystallized Cu 
Recrystallized Cu films were prepared on Molybdenum (Mo) substrates. Mo 
substrates have high melting point (2623oC) and high surface energy (3 J/m2) compared 
to that of Cu (1.83 J/m2), which allows the Cu to wet the Mo surface. [148] From Cu-Mo 
phase diagram in figure 2.8 we note that there is no stable Cu-Mo phase in the range of 
temperatures explored for graphene growth experiments. The recrystallized Cu films 
were fabricated by wrapping a 4 mm wide x 6 mm long piece of 250 μm thick 6N Cu foil 
around a 36 mm long x 2 mm wide x 75 μm thick 99.95% pure Mo support. We began by 
removing any native oxide from the Mo support by immersion in 2 molar KOH/water 
solution for 30 minutes. The Mo supports were next rinsed in deionized water, sonicated 
in methanol and blown dry in N2. The Cu foil was first bent into a 'U' shape, cleaned in 
1M HNO3/H2O for 2 minutes, rinsed in deionized water, sonicated in methanol and 
blown dry in N2. 
Next, the Mo support was centered inside the 'U'-shaped Cu foil. The flaps of the 
'U' were folded flat and pressed onto the Mo with pure Cu blocks so that the support was 
surrounded by the Cu foil. The substrates were secured onto the sample holder and 
transferred to the cold-wall CVD chamber under UHV. The Cu was melted and 
recrystallized on Mo substrates in the CVD chamber. This step is discussed is further 
detail in section 2.4. 
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Figure 2.8 Cu-Mo phase diagram obtained from [150]. No Cu-Mo phase in observed at 
the temperature range explored in this work. 
 
We explored recrystallization of Cu foils of different thicknesses on both W and 
Mo substrates. Cu foils of thickness 25 μm, 100 μm and 250 μm on both W and Mo 
substrates of thickness 75 μm were melted and recrystallized. We optimized our Cu 
recrystallization process on 250 μm thick Cu foils on 75 μm thick Mo substrates and 
carried out systematic study of graphene growth on these samples.  
2.3.3 Liquid Cu 
As Cu possesses a lower surface energy (~1.83 J/m2) than refractory substrate Mo 
(3 J/m2), molten Cu will easily wet Mo substrates. [148] From Cu-Mo phase diagram in 
figure 2.8 we observe that there is no stable Cu-Mo phase diagram at 1125oC, the 
temperature utilized for graphene growth experiments on liquid Cu. Controlling the liquid 
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Cu surface on straight rectangular Mo substrates was a challenge. We have observed that 
molten films on planar rectangular substrates will continue to spread. This is possibly due 
to the surface energy gradient owing to the existence of a temperature gradient in the Mo 
substrate. The Mo substrate is resistively heated by passing direct current through it. A 
temperature gradient exists along the sample with the center of the substrate being the 
hottest and temperature dropping off away from the center on either side. There is a 
correlation of surface tension of liquid metals and temperature. Surface tension decreases 
with rise in temperature. [100,101] Thus a surface tension gradient will exist due to the 
inherent temperature gradient in the resistively heated setup. This also gives rise to the 
Marangoni flow or a thermo-capillary effect where the Marangoni film at the top spreads 
beyond the main bulk liquid metal front. [100,102,104] This phenomenon may further 
enhance the continual spreading of molten Cu on Mo. The continual spreading of Cu film 
reduces the overall resistance of the substrate and increasing the current demand to 
maintain the substrate at the same temperature. This disrupts the temperature control of 
the substrate and increases the temperature fluctuations. We observe a tear in the Cu film 
at the center of the rectangular substrates where the film has undergone most thinning.  
To reduce the detrimental effect of spreading of molten Cu film on the 
temperature control of the experiment we have introduced bends in our substrate design. 
75 μm thick Mo substrates were cut into 36 mm X 2 mm rectangular strips and 
subsequently bent into a shape depicted in figure 2.7. 500 μm thick Cu films were 
electrodeposited onto the Mo substrates at a constant current of 50 mA using the same 
procedure previously described in section 2.3.1. Figure 2.9 shows the dimensions and 
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shape of the Mo substrates upon which Cu films are electrodeposited. Figure 2.9a shows 
the nature of the deposited films after electrodeposition while Figure 2.9b indicates the 
extent of spreading of molten Cu after melting. This particular substrate design was 
chosen to arrest the spreading of liquid film. The volume of molten metal at the corners 
of the bends in the Mo substrate is larger than at the center or anywhere else on the 
substrate. The stable liquid Cu meniscus due to this design ensures the amount of metal 
spreading beyond the bends in the sample is small enough to not change the resistance of 
the sample for a considerable period of time, long enough to perform a successful 
experiment. Using such substrate design, we have been able to obtain smooth Cu films 
with good temperature control for a period of up to 45 minutes. 
 
Figure 2.9(a) shows substrate after electrodeposition while (b) depicts the substrate after 
melting Cu in the CVD chamber prior to graphene growth experiment. The bent structure 
of the Mo substrate arrested the spreading of molten Cu on the substrate. 
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2.3.4 Sputtered Cu 
Tungsten refractory supports were used as substrates on which Cu was sputtered. 
125 µm thick 99.95% pure W foils are cut into 30 mm x 2mm rectangular strips by 
electrical discharge machining and subsequently annealed at 2100°C in batches of 20 in 
an Ar ambient at atmospheric pressure for 6 hours. This reduced the surface roughness 
and increased the polycrystalline grain size of the W substrates.  Native oxide layers are 
removed by dipping the substrates in a freshly prepared 2 molar solution of KOH/water 
before and after annealing. The strips are subsequently sonicated in first acetone and then 
methanol and dried using a heat gun.  
The clean, annealed W substrates were loaded on a 2” diameter circular sample 
holder and secured on the substrate platen of the sputter deposition tool Lesker 
Supersystem II. The base pressure of the sputter deposition chamber was 2X10-7 torr. 1.4 
µm thick Cu films were sputter-deposited onto the annealed W supports. The deposition 
was carried out in batches of 15 samples at an Ar pressure of 5 mtorr using 50 Watts of 
DC power and a run-time of 100 minutes. The sputter deposition was performed by Tim 
Karcher of the LeRoy Eyring Center for Solid State Science at ASU. The thickness was 
calibrated from RBS analysis of several Si samples sputter deposited with Cu for 
different time periods.  
2.4 Graphene Growth Process 
The freshly-prepared substrates were secured to the sample holder by Ta 
electrodes and loaded in the load lock. After pumping to high vacuum, the substrates 
were transferred directly to the sample dock of the CVD chamber. The transfer arm is 
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retracted and the gate valve between the buffer chamber and the CVD chamber is closed 
to isolate the CVD chamber from the system. For liquid Cu and recrystallized Cu 
experiments, following transfer, the substrates were initially degassed at 900oC under 
UHV conditions. 
Our CVD system is capable of graphene synthesis over a wide range of total gas 
pressures using a wide range of Ar, H2 and CH4 flow rates. Ar:H2:CH4 ratios were 
controlled by varying the flow rates of the individual gases over the following ranges; 
CH4: 0.25-7 sccm; H2: 50-1000 sccm and Ar: 200-10,000 sccm. Total pressure during 
growth can be varied in the range 10-3 to 700 torr, but the graphene films discussed in this 
work were all prepared at a pressure of 700 torr. Graphene was grown using cold wall 
CVD onto substrates that were resistively heated using direct current to the desired 
temperature.  
A typical process flow for graphene growth experiments is shown in figure 2.10. 
After the substrates have been transferred to the sample dock and the chamber isolated 
from the system, the Ar, H2 and CH4 cylinders and the shutoff valves between the 
chamber and the MFCs were opened. Next, the gate valve between the chamber and TMP 
was closed. The Sorensen power supply was switched on and the throttle valve was set to 
remote position to be operated by LabVIEW. We also set the TMP switchbox such that 
the experiments can be carried out by turning off the TMP and the chamber can be 
pumped through the roughing pump alone.  
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Figure 2.10 Process flow diagram for graphene growth by cold wall CVD  
 
The graphene growth process was completely automated and all process 
parameters interface with a LabVIEW program, discussed earlier in section 2.2. We 
created LabVIEW recipe files for each experiment in Microsoft Excel (.csv file format). 
This recipe file was read by the program at the beginning of the experiment which copies 
the values in each cell of the recipe file into a matrix array. A sample recipe file is shown 
in table 2.2. The first column sets the time (in seconds) when the commands for every 
other cell in that row are sent to the specific controllers. The program will move onto the 
value of the next column when the time elapsed is just greater than the time set in the first 
column. The second column sends commands to the 651C controller either to set the 
pressure setpoint (in torr) or throttle valve position (in %). The choice between pressure 
setpoint or throttle valve position is set by values in column 8. “-2” corresponds to 
throttle valve position, “-1” corresponds to pressure setpoint and “0” ensures no change 
from the previous instruction. The third column sends values to the Eurotherm controller 
for temperature setpoint (in oC). Columns 4 through 7 sends values to the respective MFC 
controllers (in sccm). The second row in each recipe initializes the values for each 
controller. The recipe can be classified broadly into four stages: a pre-annealing stage, 
annealing stage, growth stage and post growth stage.   
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Table 2-2 LabVIEW recipe file for a graphene growth experiment using 10,000 sccm Ar, 
0.7 sccm CH4 and 140 sccm H2 at 1000
oC and 700 torr for 750 seconds. The gas flow rate 
values have been adjusted by appropriate gas correction factors. 
 
2.4.1 Pre-Annealing Stage  
Initially 100 sccm of Ar was introduced to the chamber and the pressure was 
brought up to 30 torr. At this point the TMP is shut off manually. The chamber continues 
to be pumped by the roughing pump. The chamber pressure is next brought up to 700 torr 
by ramping up the Ar flow to 600 sccm and setting the throttle valve position to 16.5% 
for 230 seconds. This particular setting for throttle valve ensures a positive flow from the 
chamber to the roughing pump to prevent any backflow from the pump, while ensuring 
the target pressure is achieved in a reasonable time. Following this, the Ar and H2 MFCs 
are set to the flow rate values desired for the annealing stage. The Ar and H2 flow rates 
were identical to those employed for subsequent graphene growth. 
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2.4.2 Annealing Stage 
The sample was then resistively heated and the temperature ramped up to the 
setpoint required for annealing. For 4 μm thick electrodeposited Cu/W substrates, after 
transfer to the CVD chamber, the substrate was annealed at 1000°C in a reducing 
atmosphere of Ar and H2 at a total pressure of 700 torr for 15 minutes. The average grain 
size of the 4 μm thick electrodeposited Cu films after annealing was ~60 µm, up from 
about 5 µm for the unannealed films. The growth temperature was the same as the 
annealing temperature (1000oC). The typical RMS surface roughness of electrodeposited 
Cu samples was near 175 nm, measured over a 10 µm x 10 µm area. 
In the experiments where we investigated the effect of surface oxygen on 
graphene growth, we have annealed 4 μm thick electrodeposited Cu/W substrates in a 
non-reducing Ar only atmosphere at 1000oC at 700 torr for 15 minutes. The RMS 
roughness of this sample was 175 μm over a 10 μm X 10 μm area, like the substrate 
annealed in Art/H2. We also performed an experiment where we annealed the substrate 
for 45 minutes in Ar only environment. The RMS roughness over 10 X 10 was 90 nm.  
For recrystallized Cu (RC Cu) experiments, the Cu/Mo substrates were annealed 
at 1000°C in a reducing Ar/H2 ambient at a total pressure of 700 torr for 15 minutes. The 
Cu was then melted by increasing the temperature to 1100°C, which is above the melting 
point (1084°C) of bulk Cu. The Cu typically remained molten for 2 minutes. The molten 
Cu was recrystallized by cooling to 1000°C. During melting, any impurities segregated to 
the Cu surface. As the molten Cu film cooled and began to resolidify, these impurities 
segregated laterally along the Cu surface to the solidification front. Consequently, the 
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impurities concentrated at the portion of the Cu film that solidified last, which was 
typically 3.5 mm from the center of the Cu/Mo substrate. We were able to optimize this 
melting/resolidification process to obtain Cu films with polycrystalline grain sizes with 
lateral dimensions on the mm scale that exhibited RMS surface roughness values of less 
than 10 nm, measured over a 10μm x 10μm area. In preparation for graphene growth, the 
RC Cu films were then annealed for 15 minutes at 1000°C in an Ar/H2 ambient. The 
growth temperature was the same as the annealing temperature (1000oC). 
For 500 μm thick electrodeposited films for liquid Cu experiments, the substrates 
were annealed at 700 torr chamber pressure under Ar/H2 atmosphere for 15 minutes at 
1000oC. The Cu films are then melted at 1125oC and kept at that temperature for 10 
minutes prior to the growth stage. Following the annealing stage, the temperature was 
increased to the graphene growth temperature (typically 1125oC).  
For 1.4 μm thick sputter deposited Cu/W substrates the sample was annealed at 
either 900oC for 5 minutes or at 925oC for 10 minutes at 700 torr chamber pressure. 
Following the annealing stage, the temperature was increased to the graphene growth 
temperature (925 oC or 1000oC).  
2.4.3 Growth Stage   
The chamber and the growth process setup is shown in figure 2.11. Immediately 
following the annealing step, CH4 was supplied to initiate graphene growth. After the 
desired growth time, we simultaneously terminated the CH4 flow and reduced the 
substrate heating current to stop graphene growth. While we can reduce the temperature 
of our resistively heated samples to <450oC in ~3 sec, the substrate temperature was 
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instantaneously reduced to a temperature 100°C lower than the growth temperature when 
the CH4 flow was terminated and then in steps of 100°C/minutes. Our capability for 
rapidly reducing the growth temperature, in combination with our use of cold wall CVD 
enables us to precisely delineate the end of graphene growth.  
2.4.4 Post Growth Stage 
After terminating graphene growth, the Ar and H2 gas flow rates were ramped 
down and finally the MFCs were closed. In the final row the values for the temperature 
and MFC controllers are zeroed out and the pressure column is set to a value -1 to trigger 
the LabVIEW program to shut-down and open the throttle valve. The TMP is switched 
on and the gate valve between the TMP and chamber is opened. The shutoff valves and 
the gas cylinders are closed. The chamber was pumped to its base pressure. The sample 
was allowed to cool down for at least 30 minutes prior to removal for ex situ 
characterization.  
We have explored post growth annealing of graphene grown on electrodeposited 
Cu in an Ar/H2 atmosphere. In this experiment we initially conducted a typical graphene 
growth experiment for 45 minutes at 1000oC using CH4, H2 and Ar flow rate of 0.7, 280 
and 10,000 sccm. After terminating methane flow rate, signaling end of graphene growth 
period, we maintained the substrate temperature at 1000oC for 10 minutes in the same 
Ar/H2 environment used for graphene growth. Following this we ramped down the 
substrate temperature and the gas flow rates in the same manner discussed previously in 
this section and in section 2.4.3. 
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Figure 2.11 The cold wall CVD chamber and process setup during graphene growth. The 
temperature, gas flow and pressure feedback loops controlled by LabVIEW are depicted. 
The precursor gases enter the chamber in a vertical flow configuration and exit the 
chamber through a throttle valve, flows through a switched-off TMP, backing valve and 
is finally pumped out by a mechanical pump.  
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2.5 Ex Situ Characterization of Graphene  
The as grown graphene films were characterized using field-emission scanning 
electron microscopy (FESEM) and Raman spectroscopy. Atomic force microscopy 
(AFM) was used to characterize the surface roughness of electrodeposited and 
recrystallized Cu films. Rutherford backscattering spectrometry was used to calibrate the 
quartz crystal monitor in the PVD chamber and the sputter deposition process of Cu. 
2.5.1 Field Emission Scanning Electron Microscopy 
Graphene film morphology was characterized using field-emission scanning 
electron microscopy (FESEM). A Hitachi S4700 FESEM operating at 0.7 keV was used 
to obtain ~few nm spatial resolution images of the graphene domains directly on the Cu 
surface without any ex situ processing of the as-grown films. The images were 
subsequently analyzed using ImageJ software [151] to obtain information like the 
graphene island density, average size of the graphene domains, % coverage and 
orientations of the domains relative to length-axis of the substrates.  
In FESEM, a cold cathode field emitter, comprising a single crystal tungsten 
etched to a fine point tip, is utilized to produce a high energy electron beam (0.3-30 keV).  
The electron beam scans across and interacts with the specimen surface, generating 
secondary electrons via inelastic scattering creating the topographical image of the 
specimen. A schematic of the FESEM column is shown in figure 2.12.  Two anodes are 
used in FESEM. An extraction voltage applied between the first anode and the tungsten 
tip draws electrons from the tip whereas the voltage applied between the 2nd anode and 
the tip accelerates the electron beam. Since field emitters operate under ultra-high 
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vacuum (<10-9 torr), the tip is periodically decontaminated by “flashing”, an operation in 
which the tip is heated to 2000K for a few seconds that blasts any built-up adsorbed gas 
molecules from the tip surface.  
 
Figure 2.12 (a) Schematic of SEM (JEOL JSM 5410) adapted from [152] (b) Photograph 
of Hitachi S4700 FESEM at CSSER facility at ASU used in this research. 
 
A series of electromagnetic lenses are used to “de-magnify” or focus the electron 
beam. The condenser lens de-magnifies the electron beam and collimates it into a parallel 
stream. The objective lens further reduces the beam diameter and focuses it to a probe 
point over the specimen surface. In S4700 FESEM, a “snorkel” type objective lens is 
used that can provide large specimen accommodation along with the lowest aberration. 
The electron beam is surrounded by a series of coils called stigmators that can help 
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achieve circular beam thus reducing astigmatism and improving image resolution. 
Scanning coils are used to deflect the beam over the specimen in a x-y plane raster 
pattern. SEM image formation is synchronous to this raster scanning pattern. 
The focused, circular-shaped electron beam interacts with the specimen and its 
penetration depth and interaction volume depends on the accelerating voltage of the beam 
and atomic number of the specimen material. The beam electrons undergo both elastic 
scattering generating backscattered electrons (BSE) and inelastic scattering when it 
propagates through the layers of atoms in the specimen. The inelastic scattering of the 
beam electrons can transfer sufficient kinetic energy to the loosely bound outer shell 
electrons of specimen atoms to eject them from the atoms thus generating secondary 
electrons (SE) which contain the topographical information of the specimen. Secondary 
electrons are of low energy (<50eV) and are collected by the two Everhart Thornley 
detectors in the S4700 FESEM. The upper detector is located above the specimen and 
within the objective lens. A Wien filter (EXB filter) enables the upper detector to extract 
the upward spiraling secondary electrons from the incident beam path. A lower detector 
located horizontally near the specimen surface collects both SEs and some BSEs and can 
provide a good view of the specimen topographic detail.  The electron beam probing the 
specimen surface in a raster pattern produces secondary electrons at every probe point. 
The SEs generated at every point strike the scintillator in the detector producing photons 
by cathodoluminescence. These light signals generated by the scintillators are conducted 
to the photomultiplier outside the SEM column, which converts them into amplified 
electrical signals displayed as 2D intensity distribution real time in the CRT monitor.  
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The working distance, probe current and accelerating voltage of the beam affects 
the resolution, signal to noise ratio and depth of field. Lower working distance can reduce 
beam diameter and thus improve resolution but it will also reduce the depth of field. 
While higher accelerating voltage will reduce the spot size and theoretically improve the 
resolution of the image, it leads to reduced image contrast and lack of detailed finer 
surface structure as well as cause edge effects and specimen damage. Lower probe 
current can lead to high resolution but can cause lower signal to noise ratio generating 
grainy images. Thus, an optimum combination of the parameters is needed to image 
respective materials to obtain the highest possible quality of images. We used a working 
distance of 12 mm, accelerating voltage of 0.7 kV and probe current of 1 μA to image 
graphene on Cu. 
The Hitachi FESEM S4700 is also equipped with an Energy Dispersive Spectroscopy 
(EDS) detector that can detect the continuum and characteristic X-rays generated by 
inelastic interaction of the electron beam with the specimen atoms. EDS provides 
identification of elements and their relative compositions in the specimen.  
2.5.2 Atomic Force Microscopy 
Atomic force microscopy is a scanning probe microscopy technique which is 
widely used to obtain a three-dimensional topographical map of a material down to the 
nanometer scale. It essentially transforms the force “felt” by the sensitive tip of the probe 
as it moves in the x-y grid while in contact or just above the surface, into a 3D 
topographical image of the surface. We have employed the Multimode 8 AFM in tapping 
mode using ScanAsyst probes to obtain information about the surface roughness of 
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recrystallized and electrodeposited Cu films. 
 
Figure 2.13 A schematic diagram of tapping mode AFM and the associated feedback loop 
adapted from [153]. Inset shows the phase shift between the drive signal and oscillating 
tip response.   
 
The basic components of an AFM are depicted in figure 2.13. It consists of a 
flexible SiN cantilever that holds a fine, sensitive probe culminating in a tip, that raster 
scans across the sample. A laser beam reflected off the cantilever onto a photodiode 
tracks the displacement of the tip as it interacts with the surface contours. In the tapping 
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mode, the cantilever is oscillated at or near its resonant frequency by imparting the 
requisite high frequency vibration to the chip-oscillator unit holding the cantilever. The 
drive signal instructs the cantilever to oscillate with a certain fixed amplitude. As the 
probe tip nears the surface, the amplitude decreases from the setpoint amplitude of the 
drive signal and the error signal thus generated instructs the Z servo to increase the height 
of the probe tip from the surface such that the setpoint amplitude is restored. Thus, the 
amplitude parameter drives the feedback loop in the tapping mode AFM to track the 
topography of the specimen. A freely available software Nanoscope Analysis 1.7 has 
been used to analyze the AFM images.    
2.5.3 Rutherford Backscattering Spectroscopy 
Rutherford backscattering spectroscopy (RBS) is a widely used technique for near 
surface quantitative elemental determination and depth profiling of specimens using a 
mono-energetic beam of α particles (4He+). RBS was used to calibrate the quartz crystal 
monitor and sputtering tool and thus determine the thickness of Cu films deposited by in 
situ PVD and sputtering.  
Figure 2.14a and 2.14b depict the process involved in RBS. A collimated 1 mm 
diameter, 2 MeV beam of α particles (He2+) from a tandem particle accelerator interacts 
with the atoms in the target specimen. The α particles collide with the surface and near 
surface atoms in the specimen. While some α particles are elastically scattered by the 
surface atoms, others penetrate the specimen and are backscattered from various depths 
after losing some of their kinetic energy. The ratio of the energy of the scattered ions of 
energy EA after collision with material A of mass MA to the energy of the incoming ions 
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of mass m is given by kinematic factor KA, that depends on mass of the projectile and the 
target. From the conservation of energy and momentum laws, the kinematic factor is 
derived as, 
 𝐾𝐴 =
𝐸𝐴
𝐸𝑜
= (
(𝑀𝐴
2−𝑚2𝑠𝑖𝑛2𝜃)1/2+𝑚 cos 𝜃
𝑀𝐴+𝑚
)
2
  (2.3) 
where θ is the scattering angle. The energies of the backscattered α particles decrease 
with depth and increase with the mass of atoms they are colliding with. Thus, for ions 
scattering from a material B whose mass MB is greater than MA, their energy EB and 
kinematic factor KB will be greater than EA and KA respectively, as depicted in figure 
2.14b. The backscattered ions are detected, analyzed and used to generate the RBS 
energy spectrum. The energy spectrum is the number of backscattered α particles as a 
function of their energy and is useful to determine the elements present in the specimen 
and their depth distribution. The thicker the material is, wider will be its energy 
distribution in the spectrum as shown in figure 2.14b for material A. The energy 
difference of ions recoiling from various depths is a function of the depth. The beam 
incident angle can be defined by rotating the target specimen mounted on a goniometer 
around its main axis by Θ. To avoid channeling effects, the sample is randomly rotated 
by 5o (Φ) around the axis normal to the sample using two stepper motors during the 
acquisition of the RBS spectrum. Typically, RBS is used to determine thickness of thin 
layer of heavier atoms deposited on a thick substrate of lighter atoms.  
Figure 2.15 depicts an RBS spectrum of 34nm thick Cu film sputter deposited on 
a substrate of Si (111) for a 5-minute duration. The elemental composition and integrated 
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areal density (atoms/cm2) were obtained from an open source software RUMP. The areal 
density measured by RUMP simulation of the RBS spectrum shown in figure 2.15 was 
 290X1015 atoms/cm2. From the molar weight and density of Cu, we can obtain the 
volume density as 8.49X1022 atom/cm3. Dividing the areal density by the volume density 
we can obtain the thickness of the Cu film as 34 nm. 
 
Figure 2.14 (a) Schematic diagram of RBS setup adapted from [154] (b) Basic principles 
of RBS adapted from [155] 
87 
 
 
 
Figure 2.15 RBS spectrum obtained for sputter deposited Cu-Si sample for 2.5 minutes 
for sputter tool calibration. The simulated data plotted alongside by RUMP shows 34 nm 
thick Cu film on Si (111).  
 
2.5.4 Raman Spectroscopy 
We also characterized the graphene layer directly on the Cu surface using Raman 
spectroscopy. Raman spectroscopy is widely used to characterize graphene and is a key 
tool to identify the number of layers in graphene. The underlying principle of this 
characterization technique is Raman scattering, an inelastic scattering process of photons 
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by phonons. The material is excited by light and the impinging photons interact with the 
electron cloud of the material shifting its energy from the ground state to a higher 
“virtual” unstable state, creating an electron-hole pair (exciton). The photon may lose 
energy during this scattering process and be emitted with a lower energy while the 
excited electrons in the “virtual” state returns to a stationary new vibrational state and 
recombines with the hole. The energy difference of the incoming and emitted photon 
corresponds to the energy of the emitted phonon. This process is known as the Stokes 
Raman scattering process. In an Anti-Stokes Raman scattering process, the incoming 
photon shifts the electrons from an excited vibrational state to an excited “virtual” state. 
The scattered photon leaves with a higher energy after the electrons return to the ground 
state. The energy difference of the emitted and incoming photon corresponds to the 
energy of the absorbed phonon. Stokes Raman process is the most probable of the two. 
The intensity of the scattered photon is plotted as a function of the difference between the 
incident and scattered photon energy in units of wavenumbers. If the energy of the 
incident light is chosen such that the electrons are excited to a specific energy level 
instead of a virtual unstable state, the intensities of the scattered photon will be enhanced 
and the process is known as resonant Raman scattering.  
The Raman spectroscopy setup is shown in figure 2.16. The Raman spectra were 
excited with a He-Cd laser operating at 442 nm (2.805 eV) which resulted in reduced 
fluorescence from copper. Special filters like spike filters and spatial filters are 
respectively used to remove unwanted wavelength and spatial mode components from the 
beam. The filtered beam passes through a microscope objective and is focused on the 
89 
 
sample, with the focusing monitored by a digital camera. Using a 0.8 NA objective, an 
approximately 1µm diameter focus of the laser beam was obtained at the sample. The 
micro-Raman data was acquired in the back-scattering geometry, with the same objective 
collecting the scattered beam and directing the acquired beam to the spectrometer through 
a focusing lens. Scattered light was collected, polarized and energy dispersed through a 
0.5 m Acton spectrometer and detected with 3 cm-1 fwhm (full width at half maximum) 
resolution using a Princeton Instruments back-thinned Si CCD camera. A notch filter is 
used to prevent laser light from entering the spectrometer. 
 
Figure 2.16 Schematic diagram of Raman spectroscopy setup adapted from [156] 
 
Graphene is a zero-bandgap semiconductor and due to the absence of a bandgap, 
all incident photon wavelengths are resonant, making Raman spectroscopy of graphene 
an attractive technique to study its atomic structure and electronic properties. The Raman 
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spectrum of graphene consists of several prominent bands, the chief among them being a 
G peak at ~1580 cm-1, a 2D peak at ~2700 cm-1 and a D peak at ~1350 cm-1. [157,158] 
The G peak is assigned to the doubly degenerate, in-plane optical phonon mode in E2g 
symmetry at the Brillouin zone center, where the C atoms vibrate in-plane in opposite 
direction to its three nearest neighboring C atoms, shown in figure 2.17a. It originates 
from a normal 1st order Raman scattering process. [157,158] 
The D peak at 1350 cm-1 and the 2D peak at 2700 cm-1 occur due to the 2nd order 
Raman process also known as a double resonance process, shown in figure 2.17b and 
2.17c. [157,158] It involves an electron in the Brillouin zone corner K absorbing the 
incident photon energy and getting inelastically scattered by a transverse optical phonon 
(for 2D band) or elastically scattered by a defect (for D band) to the nearby K’ point. This 
is followed by the 2nd scattering process where the e- is scattered back to K by either 
absorbing or emitting a transverse optical phonon such that the total momentum of the 
process is conserved, ultimately emitting a photon after electron hole recombination 
(Raman scattered light). The atomic vibration motion corresponding to the D peak is due 
to the breathing mode of close packed six-C ring in A1g symmetry and thus can only be 
activated at a defect site like graphene edge (line defect) or vacancies (point defects). 
Since the 2D band formation process involves two phonons with opposing wave vectors, 
its momentum conservation is easily satisfied and do not require a defect for its 
activation, and is thus always present.  
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Figure 2.17 (a) 1st order Raman scattering process in G peak where the atoms vibrate in 
E2g symmetry. Double resonance Raman scattering process in (b) 2D peak and (c) D peak 
where the atoms vibrate in A1g symmetry. Two phonons with opposing wave vectors are 
involved in 2D peak (b) and a defect and a phonon are involved in D peak (c). The figure 
has been adapted and modified from [156] 
 
A high ratio of the intensity of the 2D peak to that of the G peak (I(2D)/I(G) > 2), 
a narrow 2D peak width (fwhm<50 cm-1) and a smooth, symmetric 2D peak shape (line 
shape corresponding to a single Lorentzian function) are indicators of a single layer 
graphene. [63,158] Figure 2.18 shows how graphene Raman spectrum changes with 
increase in number of layers. The G peak intensity increases while that of 2D peak 
decreases. Thus, the I(2D)/I(G) intensity decreases as the number of graphene layers 
increase. The 2D peak is no longer symmetric due to the convolution of the number of 
peaks generated as the number of transitions in double resonance Raman process increase 
with layers. 
92 
 
 
Figure 2.18 Raman spectra of graphene with 1 L, 2L, 3L, 4L on Si/SiO2 and bulk graphite 
adapted from [63]. As the number of layers increases the G peak increases in intensity 
whereas the 2D peak becomes less symmetric with increasing fwhm and decrease in 
intensity.  
 
All graphene films discussed in this work were comprised of single-layer domains 
as evidenced by the typical characteristics observed for Raman spectra of monolayer 
graphene.  Namely, a G peak at ~1580 cm-1, a symmetric 2D peak at ~2690 cm-1 with a 
fwhm of ~35 cm-1 and a large I(2D)/I(G) ratio (~4.2) of the intensities of the 2D and G 
peaks were observed. [63,158–161]  A defect peak D associated with the free edges of 
the discrete graphene crystallites in the incomplete layer was observed at 1355 cm-1. This 
is shown in Figure 2.19. 
93 
 
 
Figure 2.19 Raman spectrum of as deposited graphene on electrodeposited Cu. The 
graphene growth experiment was carried out 700 torr chamber pressure and 1000oC 
substrate temperature for 27 minutes using Ar, CH4 and H2 flow rates of 10,000, 0.7 and 
140 sccm respectively. The characteristic G, 2D, and D peaks of graphene are depicted in 
the spectrum. The spectrum demonstrates that the film comprised of single layer 
graphene as evidenced by the large I(2D)/I(G) ratio of ~4.2 and symmetric 2D peak with 
fwhm of ~35 cm-1. 
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3 RESULTS AND DISCUSSION 
In chapter 1, we gave an overview of the current understanding of graphene 
growth behavior on Cu, particularly in the field of hot wall CVD. We also identified the 
lack of systematic experimental exploration of the relationship between key process 
parameters and graphene growth characteristics, especially in the industrially relevant 
cold wall CVD process. This study was undertaken to shed some light on the effect of 
changing growth parameters on graphene morphology and describe the fundamental 
growth mechanism of graphene. We custom-modified a UHV multi-chamber system to a 
cold wall CVD system and fully automated the process as described in chapter 2. We 
explored graphene growth on four different supported Cu substrates, namely, a 4 μm 
thick electrodeposited Cu, 250 μm thick recrystallized Cu, 500 μm thick liquid Cu and a 
thin film of 1.4 μm thick sputtered Cu. In the following five sections, we will explore 
graphene growth by cold wall CVD on these 4 substrates. 
3.1 Electrodeposited Cu 
To undertake a careful experimental study of the effect of process parameters on 
graphene growth, it was imperative that we develop a repeatable scheme of producing 
high quality Cu films. 4 μm thick electrodeposited (ED) Cu on 125 μm thick W supports 
was selected as the ideal substrate to study graphene growth by cold wall CVD. We have 
systematically varied growth conditions like the flow rate and composition of gas-phase 
precursors at a fixed substrate temperature to study their effects on graphene growth. By 
employing total gas flow rates near 10,000 sccm for most growths, we ensured that 
steady state growth conditions were reached in a time that was small compared to the 
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graphene growth time. The volume of the CVD chamber is ~7 liters and at flow of about 
10,000 sccm, the entire volume of the chamber is exchanged in less than 40 seconds. In 
this manner, we can define an accurate graphene nucleation time, which is the time 
required for the first graphene crystallites to nucleate after CH4 flow was initiated. 
Graphene growth via metal catalyzed decomposition of gaseous hydrocarbons 
proceeds by a complex sequence of steps, each with its own thermally activated rate. Due 
to this complexity, achieving fundamental insight into the mechanisms responsible for the 
observed morphology variation as a function of growth temperature is challenging. For 
this reason, we investigate graphene grown on electrodeposited Cu at a fixed substrate 
temperature of 1000°C while systematically varying the composition and total flow rate 
of the gas phase precursors. In this manner, we identify effects related to the precursor 
composition and flow on graphene growth. We also grow at fixed total pressure of 700 
torr so that effects related to Cu sublimation are nearly the same for each sample. 
[94,162] Inert gas like Ar can drastically reduce Cu evaporation at 700 Torr compared to 
UHV conditions. [162] 
Figure 3.1 shows a SEM image of typical single-layer hexagonal graphene 
crystallites grown using cold wall ambient pressure CVD onto electrodeposited Cu. This 
sample was grown at a pressure of 700 torr, substrate temperature of 1000oC, CH4, H2 
and Ar flow rates of 0.7, 280 and 10,000 sccm, respectively for 42.5 minutes. The 
graphene crystallites are evident as the dark hexagonal features on the lighter Cu film. 
Polycrystalline Cu grains are delineated by the white irregular grain boundaries. Within 
some of the grains are rectangular bands of different contrast. These are annealing twins 
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that can form when Cu films are annealed at high temperature. The graphene crystallites 
appear to nucleate at random locations on the Cu film and do not correlate with grain 
boundaries or annealing twins. 
 
Figure 3.1 SEM image of graphene crystallites grown on a 4 µm-thick Cu film 
electrodeposited on 125 µm-thick W. The graphene was grown at 700 torr and a substrate 
temperature of 1000 °C using 10,000, 280 and 0.7 sccm flows of Ar, H2 and CH4, 
respectively for 42.5 minutes. 
 
To characterize the effects of different growth conditions on graphene film 
morphology we performed three series of growths. In the first series, we explored 
graphene growth at the same CH4 : H2 ratio using different dilutions with Ar. The second 
series investigated graphene film morphology for growth at different CH4 : H2 ratios. 
Both of the first two growth series employed Ar flows of 10,000 sccm. The final series 
explored the effects of growth at different total flow rates using identical CH4 : H2 : Ar 
flow ratios. 
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In each series, we will plot the average size, nucleation density and % coverage of 
graphene on the Cu surface. Before we delve into the analysis of these series of growth 
experiments, it is prudent to describe the definition of each of these terms in relation to 
our experiments. We employ the diameter of a circle with the same area of a graphene 
nucleus as a convenient measure of its size. We count the number of islands in each 
image for a sample and divide it by the area of the image to obtain the nucleation density. 
The % coverage is simply calculated by dividing the area of all the nuclei with the area of 
the image. To get good statistics as well as negate any potential effect of Cu substrate on 
island distribution, we analyze a large enough area and consider at least 100 islands. The 
grains of our polycrystalline Cu films almost certainly have different crystallographic 
orientations and it is believed that the graphene nucleation density may vary with Cu 
grain orientation. [94,97] However, the substrate area analyzed to produce the areal 
density plotted was at least 105 µm2, which contains large enough number of grains so 
that grain-to-grain variations were averaged out. This is shown in figures 3.2a to 3.2c for 
a sample grown with CH4, H2 and Ar flow rates of 0.7, 140 and 10,000 sccm for 27 
minutes. In this particular experiment, we analyzed 3 images from the sample center 
which had a combined area of 2X105 µm2. The average size for this experiment analyzing 
all 3 images was ~12.5 μm and the nucleation density was 1.4 X 105 cm-2, while the % 
coverage was ~16%. While we consider average size and nucleation density of graphene 
crystallites in the next few sections, it is prudent to observe that a range of crystallite 
sizes exists within each analysis. For example, figure 3.2d shows the size distribution for 
the sample grown for 42.5 minutes, considering the nuclei in all 3 images. As can be 
98 
 
observed from the figure, the crystallite size varies from 1 to 18 μm with the majority of 
the crystals being in the size range of 9 to 16 μm. The presence of a distribution in 
crystallite size is due to the classical nucleation and growth behavior of graphene on Cu 
and/or different growth rates of the crystallites. Nuclei formation continues in 
conjunction with the growth of the existing nuclei till the saturation density is reached, 
resulting in a size distribution. 
 
Figure 3.2 (a) to (c) SEM images of sample grown at 700 torr and a substrate temperature 
of 1000°C. The Ar flow rate was 10,000 sccm and the CH4:H2 flows were 0.7:140. The 
growth duration was 27 minutes. These images were analyzed to calculate the % 
coverage, average crystallite size and nucleation density as reported for the corresponding 
growth condition in figure 3.3 and 3.5. This method was used for every sample whose 
nucleation density, average size and coverage data have been reported in this work. All 
images were captured at the same scale. The scale bar is marked in (a). (d) Size 
distribution of the nuclei of all 3 images.  
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The SEM images in figure 3.2a to 3.2c indicate that the nucleation events are 
completely random spatially and this randomness of nuclei distribution is observed 
throughout the Cu polycrystalline surface irrespective of variation in Cu grain size, 
presence of grain boundaries and annealing twins. Thus, we note that there is no direct 
correlation between the Cu grain orientation and the size of graphene crystallites. This 
was briefly discussed in sections 1.3.1 and 1.3.2, where we reported previous studies 
noting a partially melted thin Cu film on the bulk solid Cu at temperatures close to but 
below the melting point of Cu which erases any epitaxial relation between Cu grain 
orientation and graphene lattice. [94,96,103] Thus, it is likely that since our experiments 
on polycrystalline ED Cu were performed at 1000oC by cold wall APCVD, we do not 
observe any correlation between grain orientation and island density. 
3.1.1 Fixed CH4:H2 = 1 : 200 at Different Ar Dilutions 
For this growth series, we fixed the CH4:H2 ratio at 1:200 and the Ar flow rate at 
10,000 sccm. Three different Ar dilutions were investigated corresponding to CH4:H2 
flow rates (measured in sccm) of 0.7:140, 2.5:500 and 5:1000. All growths employed a 
substrate temperature of 1000oC and pressure of 700 torr. As discussed below, we varied 
the growth time for each of these growth conditions to access the different regimes of 
film growth: nucleation, growth and impingement and coalescence. We discussed these 
regimes and the various factors influencing 2D nucleation and growth in section 1.6. 
Figure 3.3a plots the average size and nucleation density of graphene crystallites 
vs. growth time, t, for each of the three growth conditions. The nucleation density plots in 
figure 3.2(a) can be demarcated into regions suggesting that graphene grown by cold wall 
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APCVD on electrodeposited Cu films proceeds by a classical nucleation and growth 
mechanism. The initial time period for which graphene nuclei have not yet formed (e.g., t 
< 20 minutes for the 0.7:140 plot) indicates C undersaturation on the Cu surface. During 
this time period, the chemical potential of diffusing C-containing species is too low to 
drive nucleation of stable graphene clusters. Stable graphene clusters form only when the 
C chemical potential rises high enough to drive nucleation. Subsequent to nucleation of 
the first graphene crystallites, additional nucleation occurs and the nucleation density 
increases in conjunction with growth of existing nuclei. This behavior characterizes the 
nucleation regime and is observed in the 0.7:140 plot during 20 < t < 25 minutes. Despite 
continued C deposition as a result CH4 decomposition, nucleation ceases when all 
additional C can diffuse to existing graphene nuclei. In this situation, the C chemical 
potential stabilizes at a level below that required for continued nucleation and the 
saturation nucleation density, Nsat, is reached. For the 0.7:140 series of growths, Nsat is 
near 1.5 x 105 cm-2 and is evident as the plateau in the nucleation density plot for t > 25 
minutes. Once the saturation nucleation density is reached, continued deposition results 
in growth of existing graphene nuclei during the growth regime. Similar nucleation and 
growth regimes can also be identified for the 5:1000 and 2.5:500 plots. Ultimately, the 
graphene nuclei grow to a size at which they impinge to eventually form a continuous, 
usually polycrystalline graphene layer. At the onset of graphene grain impingement, 
tracking the size of individual graphene nuclei becomes challenging. A sequence of SEM 
images depicting graphene nucleation and growth behavior for the 0.7:140 series is 
shown in figure 3.4. 
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Figure 3.3b summarizes the results of figure 3.3a by plotting the saturation 
nucleation density and the average graphene nucleus size at the time Nsat is reached. We 
also plot Nsat
−1/2
, which is a useful measure of the average graphene grain size in a 
completed, presumably polycrystalline single-layer film. It is evident that as the Ar 
dilution decreases at fixed CH4 : H2, the average size decreases and Nsat increases.  
 
Figure 3.3 (a) plots the average size and nucleation density of graphene crystallites vs. 
growth time, t. The samples were grown at the indicated CH4 : H2 flow rates (in sccm) 
using an Ar flow rate of 10,000 sccm, a total pressure of 700 torr and a substrate 
temperature of 1000 °C. Each nucleation density plot shows a nucleation regime for 
which a continuous increase is observed; e.g., from 20 to 25 minutes for the 0.7:140 plot. 
Upon reaching the saturation nucleation density, Nsat, the average size continues to 
increase during the growth regime. The growth regime is evident as the plateau at t > 25 
minutes in the 0.7:140 plot. (b) summarizes the results plotted in (a) plotting Nsat and the 
average size at the time Nsat is reached vs. CH4 : H2 ratio. Also plotted is Nsat
−1 2⁄
, which 
measures the average grain size in a complete single-layer graphene film. The behavior 
depicted suggests that graphene grows via a conventional nucleation and growth 
mechanism and that diluting identical CH4:H2 ratios is analogous to varying the 
deposition rate in a physical vapor deposition process. 
 
Similar behavior would be expected in a physical vapor deposition (PVD) process 
using thermal evaporation for which the substrate temperature was fixed but the 
102 
 
deposition rate was increased. PVD by thermal evaporation is conceptually simpler than 
CVD due to the absence of chemical processes. For graphene growth considered here, 
these chemical processes include CH4 decomposition, the interaction between CH4 and 
H2 and H2 etching. In a PVD process, atoms deposit on and diffuse along the substrate 
surface and either desorb or incorporate into the growing film. As a consequence, in the 
absence of desorption, the saturation nucleation density is simply related to the D/F ratio 
(D is the diffusion constant and F is the deposition flux). D depends only on the substrate 
temperature for a given material system and all results reported here are for a fixed 
substrate temperature of 1000 °C. Consequently, we can gain further insight into the 
observed growth dynamics by simplifying interpretation of our results in analogy to a 
PVD process. In this case, the relevant deposition parameter is the C deposition rate. For 
PVD, as the deposition rate is increased at fixed substrate temperature, the average 
cluster size decreases and the saturation nucleation density increases. Although varying 
the partial pressure of gaseous precursors in a CVD process may affect reaction kinetics 
in a complex manner, the behavior depicted in figure 3.3b suggests that diluting a fixed 
CH4:H2 mixture with inert Ar is analogous to varying the deposition rate in a physical 
vapor deposition process. As the fixed composition CH4/H2 mixture is diluted, their 
partial pressures vary in the same ratio as does the rate at which they impinge on the 
substrate. As a consequence, the rate of CH4 decomposition and subsequent formation of 
diffusing C-containing species on the Cu substrate also varies. 
Figure 3.4 shows the sequence of images at CH4, H2 and Ar flow rates of 0.7, 140 
and 10,000 sccm for various growth times. The classical nucleation and growth 
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mechanism is clearly visible in this depiction from the onset of nucleation in panel (a) to 
the nucleation regime from panels (a) to (d), with simultaneous growth of existing nuclei 
and continued nucleation of new islands, to the growth regime from panels (d) to (e), 
where the existing islands continue to grow without further nucleation events, till they 
merge into a polycrystalline continuous graphene film. The nucleation density and 
average size for each sample depicted from 3.4a to 3.4e has been graphed as the 0.7:140 
plots in 3.3a. The coverage data has been plotted in 3.5.  
 
Figure 3.4 SEM images of samples grown at 700 torr and a substrate temperature of 
1000°C. The Ar flow rate was 10,000 sccm and the CH4:H2 flows were 0.7:140. (a)-(g) 
were grown for 20.5, 22, 23.5, 25, 27, 30 and 45 minutes, respectively. The nucleation 
density increases from (a) to (d).  From (d) to (e) we observe continued growth at 
saturation nucleation density. We observed the graphene crystallites merging in (f). We 
obtain full coverage of graphene in (g). All the images are at the same scale depicted in 
panel a. The nucleation densities and average sizes of islands for each growth time of 
panels (a) to (e) are plotted in figure 3.3a. 
 
 
Figure 3.5 plots the graphene coverage, θ, vs. growth time for the same growth 
conditions as figure 3.2. From these plots, we can estimate the nucleation time, which is 
the time required for the first graphene crystallites to nucleate, by linear extrapolation to θ 
= 0 using the lowest 2 points for each growth condition. These nucleation times are 5.8, 
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6.6 and 20.4 minutes for 5:1000, 2.5:500 and 0.7:140, respectively. These estimated 
nucleation times are much greater than the ~40 sec required to reach steady-state 
precursor composition. The nucleation times increase as the Ar dilution increases. This 
observation reinforces the analogy between CH4/H2 dilution with Ar in CVD and 
deposition rate in PVD discussed above. That is, as the fixed CH4/H2 mixture is 
increasingly diluted with Ar, longer growth times are required to nucleate graphene. In a 
PVD process, slower deposition rates require longer times for the adatom chemical 
potential to reach the threshold required to drive nucleation. However, the analogy is 
imperfect. For PVD the nucleation time scales almost linearly with the inverse of the 
deposition rate. For the CVD process discussed here, the trend of increasing nucleation 
time as the Ar dilution increases is analogous to the PVD situation but there does not 
appear to be a simple scaling relationship between the nucleation time and the Ar 
dilution. This lack of a simple scaling relationship between nucleation time and Ar 
dilution of the fixed ratio CH4/H2 mixture likely points to the complexity of reaction 
kinetics in this catalytic system. We previously noted in sections 1.3.3, 1.3.4 and 1.6 how 
changing the gas admixtures can modulate the incubation time, nucleation density and 
average size of graphene. This series of experiments adds support to previous 
observations, where reducing flux rate has increased the incubation period, decreased 
density and increased average domain size of graphene. 
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Figure 3.5 Graphene coverage, θ, vs. growth time for the same samples presented in 
figure 3.3. The nucleation time was estimated by linear extrapolation to θ = 0 from the 
lowest two points of each plot. 
 
3.1.2 Varying the CH4:H2 Ratio 
For this growth series, we quantified the effect of varying the CH4 : H2 ratio on 
graphene film morphology. We varied the H2 flow rate while keeping all other growth 
parameters constant. The CH4 and Ar flow rates were fixed at 0.7 and 10,000 sccm, 
respectively. The substrate temperature for all growths was 1000°C and the pressure was 
700 torr. We performed 3 runs employing H2 flows of 140, 280 and 560 sccm. For each 
of these growth conditions, we grew graphene films for the appropriate times to access 
the nucleation, growth and impingement and coalescence regimes as graphene coverage 
increased.  
106 
 
Figure 3.6(a) plots the average size and nucleation density vs. the growth time for 
each set of growth parameters. Again, we note that the nucleation density plots for each 
set of growth parameters can be demarcated into regimes characteristic of a nucleation 
and growth mechanism. Evident for each set of growth conditions is a nucleation regime, 
which is the time range for which both the nucleation density and average cluster size 
increases. Also evident is a growth regime for which Nsat has been attained but the 
average cluster size continues to increase. At Nsat, continued deposition eventually results 
in impingement of the individual grains and they coalescence to form a continuous film. 
Figure 3.6b summarizes figure 3.6a by plotting Nsat and the average graphene cluster size 
at Nsat. Similar to figure 3.6b, we also plot Nsat
−1/2
 to indicate the average graphene domain 
size in the continuous single-layer film.  
Figure 3.7 depicts a series of images at CH4, H2 and Ar flow rates of 0.7, 280 and 
10,000 sccm for various growth times starting from isolated sparsely distributed nuclei to 
merging graphene films. The nucleation density and average size for each sample 
depicted from 3.7a to 3.7e has been shown as the 0.7:280 plots in 3.6a. The coverage data 
has been plotted in 3.8. As evident from the SEM images in figure 3.7a to 3.7d, the 
nucleation regime extends from 40 minutes to 45 minutes, where the island density and 
average size continue to increase simultaneously. The island density increases till it 
reaches a saturation point shown in figure 3.7d, beyond which the domains continue to 
grow at a fixed density, as shown in figure 3.7e, till they impinge and coalesce to form a 
continuous polycrystalline graphene film.  
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Figure 3.6 (a) plots average size and nucleation density vs. growth time for graphene 
crystallites grown at the indicated CH4 : H2 flow rates measured in sccm using a total 
pressure of 700 torr, a substrate temperature of 1000 °C and an Ar flow rate of 10,000 
sccm. (b) summarizes the results of (a), plotting Nsat and the average size at the time Nsat 
was reached. It also plots Nsat
−1 2⁄
, which measures the average size of graphene grains in a 
complete single layer graphene film. For the range of growth parameters investigated, a 
larger range of saturation nucleation densities was attained by varying the CH4 : H2 flow 
ratio than for varying the dilution of a fixed CH4 : H2 ratio or by varying the total flow 
rate.  
 
Figure 3.7 SEM images of samples grown at 700 torr and a substrate temperature of 
1000°C. The Ar flow rate was 10,000 sccm and the CH4:H2 flows were 0.7:280 sccm. 
The growth times are 40, 41.25, 42.5, 45 and 47 minutes for panels (a) to (e) respectively. 
Images (c) to (e) depict samples in the saturation nucleation regime. All images are at the 
same scale. Scale bar is indicated in panel (a). 
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Figure 3.8 plots graphene coverage as a function of growth time for the same 
growth conditions as those plotted in figure 3.6. As in figure 3.6, we can estimate the 
nucleation time by linear extrapolation to θ = 0 using the lowest two data points for each 
growth condition. We find nucleation times of 20.4, 39.8 and 89.3 minutes for H2 flow 
rates of 140, 280 and 560 sccm, respectively. Curiously, these nucleation times scale 
almost linearly with the H2 flow rate.  
The trend of increased average size and nucleation time and decreased Nsat with 
increasing H2 flow rate is clear from figures 3.6 and 3.8. As noted in section 1.3.4, these 
observations suggest that increased H2 partial pressure effectively decreases the C 
deposition rate and confirm previous findings related to the important role of H2 in the 
growth of graphene on Cu from CH4. It is believed that H2 can suppress CH4 
decomposition, consequently reducing the C deposition rate on the Cu surface. [106] H2 
also etches existing graphene nuclei during post deposition anneals in H2/Ar mixtures, as 
we discuss below. [119] For the 0.7:560 growth series, we observed 1-2µm diameter 
hexagonal voids etched into the interior of the graphene crystallites for the 120 minute 
long growth, confirming that the H2 etching is operative during growth in addition to 
post-growth annealing. 
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Figure 3.8 Graphene coverage, θ, vs. growth time for the same samples presented in 
figure 3.6 The nucleation time was estimated by linear extrapolation to θ = 0 from the 
lowest two points of each plot. 
 
3.1.3 Varying the Total Gas Flow Rate 
We also performed a series of growths to study the effect that varying the total 
gas flow rate has on graphene film morphology.  For this series, we varied the total flow 
rate while keeping the Ar, H2 and CH4 partial pressures the same. To do so, the ratio of 
the Ar, H2 and CH4 flows was kept constant as the total flow was varied. Two different 
H2 and CH4 partial pressures were investigated that corresponded to Ar:H2:CH4 flow 
ratios of 2,000:200:1 or 10,000:200:1. For the first of these flow ratios, the total flow was 
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varied between 550.25 to 11,005 sccm; for the second it was varied from 2, 550.25 to 
10,201 sccm. For all growths, the total pressure was 700 torr and the substrate 
temperature was 1000°C. The results of these experiments are summarized in figure 3.9.  
Figure 3.9a plots the average size and nucleation density vs. the total gas flow rate 
for both Ar:H2:CH4 flow ratios. Within either flow ratio growth run, the graphene films 
were grown to nearly identical coverages, as can be seen in figure 3.9b. Evidently, as the 
total flow rate increases, the nucleation density increases and the average size decreases. 
This behavior is similar to what would be observed for clusters formed via a nucleation 
and growth mechanism during growth via PVD at fixed substrate temperature but 
different deposition rates. Thus, it appears as if increasing the total gas flow rate while all 
other growth parameters are fixed in our cold-wall CVD process is analogous to 
increasing the deposition rate at fixed substrate temperature in a PVD process. This 
analogy is reinforced by figure 3.9b, which plots the growth time required to reach nearly 
identical graphene coverages vs. the total gas flow rate for each of the Ar:H2:CH4 flow 
ratios. The time to reach similar graphene coverages decreases as the total gas flow rate 
increases. Based on the results shown in figures 3.9a and 3.9b we conclude that 
increasing the total gas flow rate (keeping all other growth parameters constant) in our 
cold wall CVD process is analogous to increasing the deposition rate at fixed substrate 
temperature in a PVD process.  
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Figure 3.9 (a) plots the average size and nucleation density of graphene crystallites grown 
at the indicated CH4:H2:Ar flow rates measured in sccm using a total pressure of 700 torr 
and a substrate temperature of 1000 °C. If the partial pressure of each precursor is 
constant while the total flow rate increases, the nucleation density increases and the 
average size decreases. (b) plots the growth time required to reach nearly identical 
coverages (indicated near each data point) for each of the flow rates plotted in (a). 
Evidently, higher flow rates require less time to grow the graphene film to the same 
coverage. These results indicate that increasing the total flow rate, keeping all other 
growth parameters the same, is analogous to increasing the deposition rate in a PVD 
process. 
 
We briefly introduced the effect of gas kinetics on graphene growth in section 
1.3.3. While detailed hydrodynamic modeling of the gas flow in our CVD chamber is 
beyond the scope of this work, we can gain qualitative insight into the observed behavior 
by considering stagnation-point flow. Stagnation-point flow describes laminar flow of 
fluids at normal incidence to an impermeable planar surface (lying in the plane y=0), 
which is the situation in our vertical flow configuration. 2-D stagnation point flow has a 
long history in the fluid mechanics literature, beginning with the seminal work of 
Hiemenz in 1911. [163] Qualitatively, the normally incident flow transforms into a 
parallel flow at the substrate surface and the dividing point between streamlines moving 
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along ± x is the stagnation point. Due to the fluid viscosity, the parallel flow velocity is 
reduced to zero along the fluid/solid boundary and achieves 99% of its free-stream value 
at the boundary layer thickness, . 
Since the normal flow converts to a parallel flow at the surface, the boundary 
layer thickness can reasonably be approximated by the Blasius solution, which describes 
flow parallel to a flat plate, 𝛿 = 5√(𝜈𝐿/𝑈) . [164]    is the kinematic viscosity, L is a 
characteristic length related to the system geometry and U is the free stream parallel 
velocity (i.e., the parallel velocity just outside the boundary layer). Since U should scale 
linearly with the total gas flow rate, the boundary layer is thicker at low total flow and 
thinner at high total flow. As a consequence, reactants depleted at the substrate surface 
require a longer time to be replenished by diffusion through the thicker boundary layer at 
low flow rates.  An additional effect may also conspire to produce the behavior evident in 
figure 3.9. The stagnation pressure is higher than the pressure far from the surface. [165] 
However the pressure gradient normal to the surface is of order 1/2, which will be 
negligible for the low viscosity fluids under consideration. 
3.1.4 Graphene Nucleus Shape and Crystallinity 
In addition to the variations in graphene nucleation density and growth rates 
discussed above, we also observed that the graphene nucleus shape was growth parameter 
dependent. First, we note that more-or-less hexagonal graphene nuclei were a single 
crystal. In contrast, non-hexagonal crystallites were polycrystalline. Hexagonal graphene 
nuclei were bound by six sides. While side morphology depended on growth conditions 
as discussed below, adjacent sides were oriented with an average angle of 120° between 
113 
 
them. Most non-hexagonal graphene crystallites were polygonal and bound by more than 
6 sides. The adjacent sides of these polygonal crystallites were oriented at angles that 
differ from 120°. A relatively small fraction of the non-hexagonal crystallites had 
irregular boundaries. Whether or not these graphene nuclei were single- or polycrystalline 
could be revealed using the post-growth H-etching method of Guo, et al. [119] discussed 
section 1.3.6.   
Examples of etched single and bi-crystalline graphene nuclei are shown in figure 
3.10. Subsequent to growth using 0.7:280:10,000 sccm of CH4:H2:Ar at a total pressure 
of 700 torr and substrate temperature of 1000°C for 45 min, the CH4 flux was terminated. 
The sample was annealed at 1000°C for an additional 10 minutes in 280:10,000 sccm of 
H2:Ar at 700 torr. This additional H2 annealing step resulted in the etched hexagonal 
voids apparent in the interior of the graphene nuclei. Since H2 etching preferentially 
exposes zig zag edges, [94,106,166] the orientation of these etched hexagons reveals the 
crystalline nature of the graphene nucleus and enables the misorientation between the 
single crystal grains of a polycrystalline nucleus to be identified.  
Figure 3.10a displays a hexagonal graphene crystallite with three well-developed 
etched hexagonal voids apparent in its interior. These etched hexagons are oriented 
parallel to each other and to the edges of the parent graphene crystallite, indicating that it 
is a single crystal. In contrast, figure 3.10b displays a non-hexagonal graphene crystallite 
with several features etched in its interior. Those highlighted in white are misoriented by 
about 20° relative to those highlighted in black. This polygonal crystallite is likely the 
result of two merged single crystal hexagons. The two crystallites resulted from separate 
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nucleation events and eventually impinged to form a single, polygonal crystallite. This 
interpretation is supported by the observation that the incidence of non-hexagonal 
graphene crystallites increases as the graphene coverage increases. The following 
discussion of graphene crystallite shape is restricted to those that can be conclusively 
identified as single crystals that resulted from an isolated nucleation event. 
 
Figure 3.10 SEM images of (a) a single crystal and (b) a bi-crystalline graphene nucleus 
from the same sample grown for 45 minutes at a substrate temperature of 1000°C, total 
pressure of 700 torr and Ar, H2 and CH4 flow rates of 10,000, 280 and 0.7 sccm, 
respectively. Subsequent to growth, the sample was annealed in the Ar and H2 ambient at 
the growth temperature for 10 minutes producing the interior voids. In (a) the hexagonal 
voids are crystallographically aligned to each other and to the edges of the parent 
crystallite. In (b) the white (black) highlighted voids are oriented parallel to each other 
and to the white (black) highlighted graphene crystallite. During growth, these two 
crystallites merged to form the bicrystal. (c) indicates a hexagonal etched pocket from 
figure (a) with edge length 1 μm while (d) indicates the same from figure (b) with edge 
length 2 μm. 
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Figure 3.11 summarizes the evolution of graphene crystallite shape with growth 
conditions. Figures 3.11a-3.11c were all grown at a CH4:H2 ratio = 1:200 but with 
increasing Ar dilution. As a consequence, the effective C deposition rate decreases from 
figure 3.11a to 3.11c. Figures 3.11d and e were grown at lower CH4:H2 ratios of 1:400 
and 1:800, respectively. So, their growth rates are smaller than the sample depicted in 
figure 3.11c and the growth rate of the sample shown in figure 3.11e is slower than the 
sample shown in figure 3.11d.  
We identify three distinct graphene crystallite shapes. The first is bound by 
irregular, jagged edges. An example of this crystallite shape is arrowed in figure 3.11a. 
The second distinct shape is a convex hexagon. These crystallites are hexagonal but are 
bound with convex instead of straight edges; an example is arrowed in figure 3.11b. The 
third crystallite shape is a regular hexagon; an example is arrowed in figure 3.11e. Note 
that crystallites bound by irregular edges are found only at the highest growth rates, in 
figures 3.11a and 3.11b. As the growth rate continues to decrease from figures 3.11b to 
3.11e, the graphene crystallite morphology progresses from convex hexagons to regular 
hexagons. To summarize, at the highest effective C deposition rates, some of the 
graphene crystallites are bound by irregular, jagged edges. At lower deposition rates, the 
crystallites grow as convex hexagons and at the lowest deposition rates the crystallites are 
regular hexagons bound by straight edges. 
Similar behavior was observed for growth via hot wall CVD by Vlassiouk, et al. 
[94] as we noted previously in sections 1.3.3 and 1.3.4. A quantitative comparison to our 
results is challenging due to the difference in growth methods and since they employed a 
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much lower total flow rate of 500 sccm compared to the 10,000 sccm employed here. 
However, they did observe the same sequence of graphene crystallite edge morphologies 
as those presented here. As the CH4:H2 flow ratios decreased, the graphene crystallites 
were bound by edges that progressed from irregular/jagged to convex (star-shaped) to 
straight (regular hexagons). They attributed this behavior to a variation in the balance 
between H2 etching of the graphene crystallite edges and C-incorporation at their 
perimeter. At higher H2 flows, etching more effectively exposes zig zag edges leading to 
regular hexagonal crystallites with straight edges. In contrast, at lower H2 flows etching is 
suppressed leading to an irregular, jagged morphology. 
 
Figure 3.11 SEM images of samples grown at a substrate temperature of 1000°C. The Ar 
flow rate was 10,000 sccm and the CH4:H2 flows are indicated below each image. (a)-(e) 
were grown for 12, 12, 25, 42.5 and 97.5 minutes, respectively. In (a), a crystallite with 
an irregular, jagged boundary is arrowed. In (b) a convex hexagonal crystallite and in (e) 
a hexagonal crystallite is arrowed. This sequence of images depicts the progression of 
graphene crystallite morphology as the growth rate decreases from (a) to (e). 
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H2 etching is certainly important during graphene growth, as evidenced by the 
appearance of hexagonal voids within graphene crystallites grown using 0.7:560 CH4:H2 
ratio discussed previously in sections 3.1.4 and 1.3.4. However, it is likely that the 
relative rates of C adatom arrival from the substrate and C diffusion along the edges of 
graphene crystallites are also important. If the edge diffusion rate is not rapid enough, C 
atoms can be kinetically trapped by arriving C adatoms, leading to roughened graphene 
edges. [167,168] Simple modeling by Vlassiouk, et al. suggested that the vertices of 
hexagonal graphene crystallites incorporated C more rapidly by virtue of a larger 
concentration gradient than the edge center. [94] With a sufficient edge diffusion rate, the 
star-shaped, convex hexagonal morphology predicted by their model would not develop. 
Further work is required to conclusively identify the contributions of H-etching and edge 
diffusion to graphene crystallite morphology. However, our observation that the 
progression of edge morphology from irregular/jagged to convex and finally to straight 
occurs as the effective C deposition rate decreases suggests that the relative rates of C 
adatom incorporation and edge diffusion play a role in crystallite morphology. 
3.2 Recrystallized Cu 
Large area single crystal graphene growth on Cu surface by CVD is one of the 
major focus areas in the graphene CVD field. [91,107,169] Wafer scale graphene up to 
several mm in lateral dimensions have been grown on Cu foils and successfully 
transferred onto insulator substrates. [54,84] Reducing the nucleation density of graphene 
is key to achieve large area single crystal graphene by CVD. [56,94] Various schemes 
have been previously adopted successfully in other studies to reduce nucleation density of 
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graphene on Cu like using ex situ passivated Cu foil either with a native or thermally 
grown cupric oxide [56,107,170,171], preserving native oxide on Cu up to growth 
initiation by annealing under non-reducing Ar only environment [110,114], thermal 
annealing of Cu foil to reduce surface roughness [48], electropolishing Cu foil [172–174], 
creating Cu pockets [38,91] and melting and recrystallizing Cu [39]. As noted previously 
in section 1.3.2, Mohsin et al. reported that melting and recrystallizing Cu on refractory 
substrates resulted in a smooth Cu surface that led to significant reduction in graphene 
nucleation density. [39] Thus, resolidifying molten Cu can provide an ideal substrate to 
study the effect of Cu surface roughness on graphene growth properties. In this section, 
we have explored graphene growth on 250 μm thick recrystallized Cu films on 75 μm 
thick Mo rectangular substrates. 
3.2.1 Graphene Growth Behavior on Recrystallized Cu 
To investigate the growth behavior of graphene on RC Cu, we performed a series 
of experiments employing CH4, H2 and Ar flows of 0.7, 140 and 10,000 sccm at 1000
oC 
and 700 torr for various growth durations. The density of the islands and average size of 
the graphene domains were calculated using the same method described previously in 
section 3.1. Figure 3.12 depicts the sequence of SEM images for experiments conducted 
using CH4, H2 and Ar flow rates of 0.7, 140 and 10,000 sccm for various growth times 
starting from isolated nuclei to merging graphene films. This series of experiments on RC 
Cu have been compared against those performed on electrodeposited Cu under different 
annealing conditions in the next section. Figure 3.13 shows a low magnification SEM 
image of the sample grown for 12.5 minutes (figure 3.12c) depicting the random uniform 
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distribution of graphene crystals on Cu. As evidenced in figure 3.13, we typically observe 
a large area of 4 mm X 1.5 mm at the center of the RC Cu where nucleation density and 
average size of islands remain fairly uniform throughout. To maintain quantitative 
consistency in our results, we obtain SEM images from this 4 mm X 1.5 mm central 
region of the sample. This is further discussed in section 3.5.2.  
 
Figure 3.12 SEM images of samples grown at 700 torr and a substrate temperature of 
1000°C on recrystallized Cu. The Ar flow rate was 10,000 sccm and the CH4:H2 flows 
were 0.7:140 sccm. The growth times were 10, 12.5, 15 and 27 minutes for panels (a) to 
(d) respectively. Images (b) and (c) depict samples in the saturation nucleation regime. 
All images are at the same scale. Scale bar is indicated in panel (a). 
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Figure 3.13 Low magnification SEM image of the sample depicted in figure 3.12c. The 
graphene was grown at 700 torr and a substrate temperature of 1000 °C using 10,000, 140 
and 0.7 sccm flows of Ar, H2 and CH4, respectively for 15 minutes. The substrate was 
250 µm-thick Cu foil recrystallized on 75 µm-thick Mo substrates. A uniform distribution 
of large graphene crystallites can be observed along the sample. 
 
The density and average size of the graphene nuclei for images 3.12a to 3.12c 
were plotted in figure 3.14. Again, we observe the same classical nucleation and growth 
behavior of CVD graphene on Cu as seen earlier on electrodeposited Cu in section 3.1 
and described in section 1.6.  The nucleation density plot can be demarcated into regimes 
characteristic of a nucleation and growth mechanism. The incubation period for this 
series of growth experiments was about 10 minutes. Also, evident from the plot is a 
nucleation regime extending from 10 minutes to 12.5 minutes, which is the time range in 
which simultaneous nucleation and growth occur. This is followed by a growth regime 
from 12.5 minutes onwards for which saturation density Nsat has been achieved while the 
average crystallite size continues to increase till they impinge and coalesce to form a 
continuous film.  
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Figure 3.14 Plots of average size and nucleation density vs. growth time for graphene 
crystallites grown at Ar : CH4 : H2 flow rates of 10,000 : 0.7 : 140 measured in sccm 
using a total pressure of 700 torr and a substrate temperature of 1000°C. The 
corresponding images are depicted in figures 3.12a to 3.12c.  
 
We also investigated graphene growth on recrystallized Cu at different gas flow 
conditions to optimize our process in order to grow large area graphene domains. 
Previously, in section 3.1.3 we noticed that by reducing the total flow rate of the gases, 
we can decrease the growth rate and nucleation density and increased the average size of 
the crystallites on ED Cu. We deduced that this behavior was similar to what would be 
observed for clusters formed via a nucleation and growth mechanism, during growth by 
PVD at fixed substrate temperature but lower deposition rates. We observed the same 
effect on RC Cu. Figure 3.15 shows a SEM image of large area single-layer isolated 
graphene crystallites grown at a pressure of 700 torr, substrate temperature of 1000oC, 
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CH4, H2 and Ar flow rates of 0.7, 170 and 1600 sccm, respectively for 30 minutes. Here, 
we reduced the Ar flow rate to 1600 sccm keeping CH4 flow rate the same as the 
experiments described above where we employed 10,000 sccm Ar flow rate. Large 
graphene crystallites of lateral dimensions of 100 μm are evident as the dark polygonal 
features on the lighter Cu film. Both single crystal graphene islands and polycrystalline 
merged graphene domains can be observed in this image. The polygonal graphene 
domain in the top left region of the image is polycrystalline, as evidenced by two short 
convex edges alongside the six conventional edges observed in single crystal graphene, 
formed during merging of two islands at their growth fronts. Large isolated single crystal 
domains are also arrowed in the figure.  
 
Figure 3.15 SEM image of graphene crystallites grown on a 250 µm-thick Cu foil 
recrystallized on 75 µm-thick Mo substrates. The graphene was grown at 700 torr and a 
substrate temperature of 1000 °C using 1600, 170 and 0.7 sccm flows of Ar, H2 and CH4, 
respectively for 30 minutes. The single crystal and polycrystalline graphene features are 
arrowed. 
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3.2.2 Growth on RC Cu Vs. ED Cu under Different Annealing Conditions 
In section 3.1 we studied graphene growth on ED Cu under various growth 
conditions. We also investigated graphene growth on RC Cu in the previous section. The 
apparent differences in the substrate type and its effect on growth morphology warrants a 
closer look. A systematic study of graphene growth on electrodeposited Cu and 
recrystallized Cu under same growth conditions can elucidate the differences in 
nucleation density and shape morphology of graphene on these two substrate types. So 
far, we have explored graphene growth on Cu substrates which were annealed in Ar+H2 
atmosphere prior to growth. The role of H2 in reducing the native oxide on Cu during pre-
growth annealing is well known. [110] It has been introduced in some detail in section 
1.3.4. and 1.3.5. The oxide layer remaining on the Cu surface due to pre-growth anneal in 
Ar only atmosphere has been used to reduce nucleation density of graphene. [107] The 
growth morphology reported on such films are different to those devoid of this native 
oxide layer. Comparing graphene growths on the same substrate type annealed under 
different conditions may explain the differences in their respective growth morphology. 
In this section, we examine the differences in the morphology of graphene grown 
on various substrate types under different annealing conditions. In the previous section 
we have explored graphene growth on RC Cu annealed in Ar/H2 using CH4:H2:Ar flows 
of 0.7:140:10,000 sccm. We have carried out the same sequence of growth experiments 
under the same gas flow conditions on ED Cu annealed in Ar/H2. We also explored 
graphene growth on ED Cu annealed in non-reducing Ar only atmosphere for different 
time durations.  
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The surfaces of ED Cu annealed in reducing and non-reducing atmosphere and 
RC Cu annealed in reducing atmosphere are shown in the AFM images of figure 3.16 at 
two length scales. For samples annealed in reducing atmosphere, the RMS roughness 
value measured over 10 μm X 10 μm area for RC Cu, depicted in figure 3.16a was 6 nm 
which is significantly lower than the RMS roughness value of 175 nm for ED Cu 
measured over the same area, shown in figure 3.16c. We also note that the short-range 
RMS roughness values measured over 0.5 μm X 0.5 μm for both RC Cu and ED Cu were 
similar and lie between 3 to 5 nm, as shown in figures 3.16b and 3.16d. For samples 
annealed in non-reducing atmosphere, the RMS roughness of the 45 minutes annealed 
ED Cu film was ~90 nm, a factor of 2 lower than the RMS roughness of 175 nm on the 
15 minutes annealed ED Cu film. 
Figure 3.17 displays SEM images of graphene crystallites grown at a total 
pressure of 700 torr onto Cu films heated to 1000°C using CH4:H2:Ar flows of 
0.7:140:10,000 sccm.  The crystallites displayed in figures 3.17a and 3.17c were grown 
on ED Cu but those displayed in figure 3.17b were grown on RC Cu.  Note the lack of 
contrast associated with Cu grain boundaries and annealing twins in figure 3.17b that is 
clearly evident in figures 3.17a and 3.17c.  Prior to growth, the substrates displayed in 
figures 3.17a and 3.17b were annealed for 15 minutes in a reducing Ar+H2 environment 
using flows identical to those employed for graphene growth but the substrate displayed 
in figure 3.17c was annealed in a non-reducing Ar-only ambient for 15 minutes. 
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Figure 3.16 AFM images of RC Cu annealed in Ar/H2 shown in (a) and (b), ED Cu 
annealed in Ar/H2 shown in (c) and (d) and ED Cu annealed in Ar only shown in (e) and 
(f). All images were captured in 1024X1024 resolution using Multimode 8 by ScanAsyst 
tapping mode. Samples (a) to (e) were all annealed for 15 minutes whereas (f) was 
annealed for 45 minutes. Inset shows line scan depicting the height profile across the 
image. Note that comparing the 10 μm X 10 μm images of (a), (c), (e) and (f), roughness 
of RC Cu is significantly lower than that of ED Cu annealed in either Ar/H2 or Ar only. 
The RMS roughness of ED Cu annealed in Ar only for 45 minutes (f) is lower by a factor 
of 2 than that annealed for 15 minutes in Ar only (e) or Ar/H2 (d). The 500 nm X 500nm 
images of RC Cu (b) and ED Cu (d) show similar roughness values. 
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Figure 3.17 SEM images of graphene crystallites grown at 700 torr onto Cu films heated 
to 1000°C using CH4:H2:Ar flow rates of 0.7:140:10,000 sccm.  Prior to growth, (a) and 
(b) were annealed for 15 minutes in a reducing Ar + H2 ambient using flows identical to 
those employed for graphene growth but (c) was annealed for 15 minutes in a non-
reducing Ar only ambient.  (a) and (c) were grown for 15 minutes and 12.5 minutes 
respectively on ED Cu substrates.  Contrast due to Cu grain boundaries and annealing 
twins are evident in the annealed ED Cu films.  (b) was grown for 15 minutes on RC Cu.  
The lack of contrast associated with the Cu film reflects the fact that the Cu grains have 
lateral dimensions in the mm range.  The 10µm x 10µm inset in (a) highlights the straight 
edges of the hexagonal graphene crystallites. 
  
The 10µm x 10µm inset in figure 3.17a highlights the straight edges of the 
hexagonal graphene crystallites grown on ED Cu that was annealed in a reducing 
environment prior to growth.  In contrast, the 'star-shaped' [94] hexagonal graphene 
crystallites shown in figure 3.17b have convex edges and those in figure 3.17c have 
rougher edges.  We attribute these differences in graphene crystallite morphology to two 
factors.  First, the graphene crystallites shown in figures 3.17b and 3.17c grow 8 times 
faster than those shown in figure 3.17a.  We estimate the growth rate by approximating 
the crystallite radius as that of a circle with the same area.  Next, we compute the average 
radius, <r>, of all the graphene crystallites imaged for each sample.  Finally, we 
approximate the radial growth rate as <r>/t, where t is the growth time.  This radial 
growth rate is a measure of the C accretion rate by a graphene crystallite.  As the C 
accretion rate increases, the likelihood of C-containing species that are diffusing along 
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the edge of the graphene crystallite becoming kinetically trapped at a non-equilibrium site 
increases.  The transition from straight to convex edges observed for the graphene 
crystallites shown in figures 3.17a and 3.17b is likely due to this effect, possibly in 
conjunction with an increased barrier for diffusion around the hexagon vertices.  Such an 
enhanced barrier would lead to a 'pile up' of C near the vertices and subsequent 
development of the convex edges and 'star-shaped' morphology [93]. We noted a similar 
trend on ED Cu with higher effective deposition rate as discussed in section 3.1.4. 
The different graphene crystallite morphology between the samples displayed in 
figures 3.17b and 3.17c cannot be due to these effects since their radial growth rates are 
nearly identical. We attribute the difference to a reduced attachment barrier for diffusing 
C-containing species to join the graphene crystallites shown in figure 3.17c compared to 
those shown in figure 3.17b.  The sample depicted in figure 3.17c was grown on ED Cu 
that was annealed in a non-reducing Ar-only ambient.  Consequently, some O from the 
native oxide layer has diffused into the Cu [110]. It has recently been pointed out that the 
edges of graphene crystallites grown on such 'oxygen rich' Cu substrates are not hydrogen 
terminated while those grown in the absence of oxygen are [107,110]. The attachment 
barrier for diffusing C species is lower for these dehydrogenated graphene edges 
[107,109], which enables rapid C incorporation into the graphene lattice and facilitates 
edge roughening. This was described in detail in sections 1.3.4 and 1.3.5. 
Digitally acquired scanning electron micrographs such as those displayed in 
figure 3.17 can be computer-analyzed to quantify the graphene film morphology.  We 
performed this analysis on a series of samples grown for a range of times onto Ar+H2-
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annealed ED and RC Cu.  Growth times were chosen that enabled us to capture the onset 
of nucleation to the beginning of graphene crystallite impingement.  We also analyzed a 
sample grown on ED Cu that was annealed in Ar-only in order to quantify differences 
between those annealed in a reducing ambient.  Figure 3.18(a) displays the square root of 
the average size, <s>1/2, and the nucleation density, N, of graphene crystallites vs. growth 
time and figure 3.18b displays the graphene coverage vs. growth time. 
We first focus on the films grown on Ar+H2-annealed Cu.  As shown in figure 
3.18b, the C-deposition rate, as measured by the ratio of coverage to growth time, is 
similar for the films grown on these substrates. Figure 3.18a shows that N is consistently 
much greater and <s>1/2 is consistently much smaller for films grown on ED Cu than for 
those grown on RC Cu.  These observations indicate that factors other than the C-
deposition rate are controlling the size and nucleation density of the graphene film. 
The nucleation density vs. time curves shown in figure 3.18a both plateau beyond 
12.5 minutes growth time suggesting that they have reached their saturation nucleation 
density, Nsat. Even after reaching Nsat, <s> continues to increase.  Thus, as we have 
recently pointed out, graphene films grown using cold-wall CVD on Cu exhibit classical 
nucleation and growth behavior. [93] We attribute the greater nucleation density and 
smaller average size of the graphene crystallites grown on ED Cu to a combination of 
factors.  The first is reduced surface diffusion due to the greater roughness of ED 
compared to RC Cu films.  The second is that, as a consequence of this greater surface 
roughness, there are many more surface steps on the ED Cu films.  Theory suggests that 
step edges on Cu surfaces may more strongly bind adsorbates and provide favorable 
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graphene nucleation centers [175–177]. While a higher density of surface steps may 
increase the graphene nucleation density, we do not observe explicit defect-related 
nucleation in any of our graphene films.  That is, neither grain boundaries nor annealing 
twins appear to accelerate graphene nucleation.  
 
Figure 3.18 (a) shows the square root of the average area (squares) and nucleation density 
(circles) vs. growth time for graphene crystallites grown on ED (solid lines) and RC 
(dashed lines) Cu that was annealed in a reducing Ar+H2 ambient and for graphene 
grown on ED Cu that was annealed in a non-reducing Ar-only ambient (open plot 
symbols). (b) plots graphene coverage vs. growth time for the same samples plotted in 
(a). 
 
We now turn our attention to the graphene film grown on ED Cu that was 
annealed in a non-reducing, Ar-only ambient.  As shown in figure 3.18b, the coverage, 
and thus C-deposition rate, is nearly identical to that of the graphene film grown for the 
same time on ED Cu that was annealed in a reducing Ar+H2 ambient.  However, figure 
3.18a indicates that both N and <s> for this film are similar to the graphene film grown 
for the same time on RC Cu.  The Cu substrate was prepared identically and annealed for 
the same duration as those that were annealed in the reducing ambient.  Thus, it is not 
surprising that the RMS surface roughness values were the same.  Consequently, we 
attribute the reduced nucleation density to growth on oxygenated Cu.  It has been 
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suggested that O can passivate surface sites, such as step edges, that can provide 
favorable graphene nucleation centers [107,110]. In addition, O that has dissolved into 
the Cu sub-surface and bulk may diffuse to the surface during graphene growth and 
scavenge C intermediates reducing the nucleation rate [110]. Recent theoretical work 
[109] suggests that there is a very low concentration of C intermediates diffusing on the 
Cu surface at the relatively high H2:CH4 ratios used here, so any reduction due to O-
scavenging could significantly reduce the graphene nucleation density as we observe. 
3.3 Graphene Growth Mechanism from Pre-Coalescence Scaling of Island Sizes 
Graphene CVD on Cu is a complex process that involves many steps.  These steps 
include adsorption, desorption and decomposition of hydrocarbon precursors on the 
heated Cu surface; surface diffusion, dehydrogenation and desorption of C-containing 
species; nucleation of graphene crystallites and incorporation of C-containing species by 
graphene crystallites. We have noted in the earlier sections that graphene grows by the 
classical nucleation and growth mechanism on Cu during CVD where isolated crystallites 
nucleate at the earliest stages of growth which then grow, impinge and coalesce to form a 
polycrystalline film.  For appropriate growth conditions, the films are strictly two-
dimensional.  Second-layer growth does not initiate until completion of the first layer.  In 
other material systems, it has often proven useful to characterize the pre-coalescence 
regime of film growth.  In many cases, the distribution of island sizes can provide 
valuable insight into the growth processes. Here, we show that by examining the 
distribution of island sizes during the pre-coalescence regime of graphene film growth we 
are able to identify the rate-limiting step for graphene CVD onto Cu. 
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Here, we explore graphene CVD onto different substrate types of Cu annealed in 
different environments from CH4/H2/Ar mixtures in order to gain mechanistic insight into 
graphene growth.  We will continue our analysis from the previous section where we 
studied graphene growth on RC Cu and ED Cu films annealed in reducing conditions and 
on ED Cu films annealed in non-reducing conditions. We have already quantified the 
graphene film morphology and identified effects relating to surface roughness and 
substrate annealing conditions. We next turn our attention to the distribution of graphene 
crystallite sizes.   
Figure 3.19 displays the island size distributions for the graphene films grown on 
Cu that had been annealed in Ar+H2 prior to growth that were described in figure 3.18.  
Figure 3.19a plots the distributions for graphene grown on ED Cu and figure 3(b) shows 
the distributions for RC Cu.  To facilitate quantitative comparison, all of the distributions 
plotted in figure 3.19 were sorted into 20 bins.  So, the width of each bin is a twentieth of 
largest island size for that sample.  Note the difference in the maximum value of both s 
and N(s) for the 3 samples plotted in each panel of figure 3.19 and the even larger 
difference in the maximum values of s and N(s) between figures 3.19a and 3.19b.  Note 
also that the distributions are not peaked, rather they are monotonically decreasing 
functions of island size s.  From these distributions, we can readily obtain the nucleation 
density, 𝑁 = ∫ 𝑁(𝑠)𝑑𝑠 and the average island size, 〈𝑠〉 = 𝑁−1 ∫ 𝑠𝑁(𝑠) 𝑑𝑠. 
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Figure 3.19 Island size distributions for the same graphene films grown for the indicated 
time in minutes on (a) ED and (b) RC Cu of figure 3.18.  Each distribution plots the 
number of islands per cm2 vs. island area using 20 bins. 
 
In section 1.5, we introduced the scaling theory of pre-coalescence island growth 
developed by Bartelt and Evans in the 1990s. [133,134] They showed that data from 
distributions such as those plotted in figure 3.19 would collapse onto a common scaling 
curve provided the atomistic mechanisms underlying film growth were the same.  They 
established that N(s) =θ/<s>2 g(s/<s>) where g(x) is a dimensionless scaling function, <s> 
is the average island size and θ is the coverage.  The island size distribution N(s) is a 
histogram of the areal density of islands of size s atoms.   
Bartelt, Evans and others went on to show that the scaling function was sensitive 
to the atomistic details of film growth such as the surface diffusion rate, pair bond 
energies, etc., in addition to growth parameters such as deposition flux and substrate 
temperature. [135,136] Remarkably, N(s) for films that follow the same atomistic 
processes will exhibit nearly identical scaling functions.  That is, data from very different 
N(s) obtained from films with different coverages or even grown using different 
conditions will collapse onto the same scaling function provided the underlying atomistic 
processes are the same.  In contrast, qualitatively different scaling functions signal 
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differences in the underlying atomic processes.  Often, in combination with computer 
simulations and atomistic modeling, a particular scaling function could be associated with 
an atomistic detail underlying film growth. [137–142][143] 
In figure 3.20, we plot the scaling function, g(s/<s>) = <s>2 N(s)/ θ vs. s where θ 
is the film coverage.  Despite the very large range in island size and nucleation density 
evident in the distributions plotted in figure 3.19, the data collapse onto a common 
scaling function is remarkably good.  The quality of the data collapse suggests that a 
common mechanism underlies graphene growth on Cu films that have been annealed in a 
reducing Ar+H2 environment prior to growth irrespective of their grain size or surface 
roughness. 
Monotonically decreasing scaling functions have been associated with systems 
exhibiting spontaneous nucleation with a critical nucleus size of 0 [139,140] and with 
systems following Avrami nucleation behavior, an example of which is shown in figure 
1.15. [141,142] For systems following spontaneous nucleation, a diffusing monomer 
freezes on the substrate forming a stable nucleus that then grows by monomer 
attachment. [178] This spontaneous nucleation scenario seems unlikely for graphene on 
Cu.  Density functional theory studies show that while C monomers are stable at sub-
surface sites, they readily dimerize, forming highly mobile dimers rather than remaining 
immobile. [127,176] Consequently, we focus on Avrami behavior to explain the 
monotonically-decreasing scaling functions shown in figure 3.20.   
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Figure 3.20 The scaled island size distributions corresponding to those shown in figure 
3.19. Also shown is the Avrami distribution. The data collapse is good and matches the 
Avrami distribution well. 
 
Figure 3.20 also plots the Avrami scaling function, f(s/<s>) = (12s/<s>)-1/2 for 0 < 
s/<s> < 3 and f(s/<s>) = 0 for s/<s> ≥ 3, to demonstrate its excellent match to our 
experimentally measured scaling functions.  Avrami behavior is characterized by 
spatially random nucleation at a constant rate of islands that grow with constant radial 
velocity.  This behavior can result from island growth in the incomplete condensation 
regime [141–143] due to significant desorption of C-containing species, or from 
attachment-limited growth. [144] Either of these mechanisms may contribute to the 
observed Avrami scaling behavior. 
Diffusing C-containing species certainly desorb for some graphene growth 
conditions [93,108]. Whether this desorption rate is sufficient to produce Avrami 
behavior is unclear.  In this case, diffusing C-containing species are produced by methane 
dehydrogenation at a rate F and travel a distance L = (D τ)1/2 before they desorb. D is the 
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diffusion rate and τ is the residence time.  The concentration of these C-containing 
species builds to a steady-state value F τ, leading to spatially random nucleation with a 
constant rate.  Once an island has nucleated, it quickly develops a depletion zone ~ L 
wide at its perimeter.  Only C-containing species that are produced at constant rate F 
within this depletion zone can reach the island contributing to its constant radial growth 
rate.  Avrami behavior will persist until the depletion zones of neighboring islands begin 
to overlap. 
For the case of attachment-limited growth, Avrami-like behavior is observed at 
early growth stages.  This was previously discussed in section 1.5. Islands that nucleate 
early are poor traps for diffusing C-containing species due to the high attachment barrier.  
As a consequence, the nucleation rate remains high and additional nucleation is relatively 
unaffected by existing islands producing Avrami behavior.  As more islands nucleate and 
existing islands grow, more perimeter sites become available to trap diffusing C-
containing species.  Consequently, the concentration of diffusing C-containing species 
begins to drop. The persistence of Avrami behavior is determined by the total island 
perimeter and the height of the attachment barrier.  Higher attachment barriers yield 
Avrami behavior that persists to greater graphene coverage.  
Figure 3.20 shows convincing evidence of Avrami behavior for graphene grown 
on Cu that has been annealed in a reducing H2 ambient; but does not provide clear 
evidence for the dominant mechanism leading to the observed behavior.  Figure 3.21 
displays the scaling function obtained for the graphene film grown on ED Cu that was 
annealed in a non-reducing Ar-only ambient prior to growth.  The scaling function shown 
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in figure 3.21 is qualitatively different from those characteristic of Avrami behavior 
shown in figure 3.20.  It is bimodal with a peak near s/<s> = 1.25 and exhibits an 
enhanced population of islands at small s/<s>.  Graphene films grown on Cu surfaces that 
have been annealed in a non-reducing environment are believed to follow diffusion- 
rather than attachment-limited growth. [107] The attachment barrier is significantly 
reduced by dehydrogenation of the graphene crystallite edges by residual oxygen at the 
Cu surface.  In what follows, we argue that diffusion limited graphene growth in 
combination with a reduced barrier for monomer detachment from the perimeter of 
graphene crystallites can lead to a scaling function similar to that shown in figure 3.21. 
 
Figure 3.21 Scaled island size distribution for a graphene film grown on ED Cu that was 
annealed in a non-reducing Ar-only ambient for 15 minutes.  The graphene growth 
conditions are identical to those for the samples presented in figures 3.17-3.20. 
 
Peaked, monomial scaling functions are commonly observed experimentally and 
in simulations of island growth. [133–137,139] Nearly identical scaling functions to the 
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one shown in figure 3.21 have been observed by Ratsch, et al. [138], who simulated 
heteroepitaxial island growth within the framework of a Frenkel-Kontorova misfit model. 
Within this framework, the primary effect of misfit was to enhance monomer detachment 
from the perimeter of large islands.  Their pair bond model allowed islands to grow via 
surface diffusion with no explicit attachment barrier.  For no misfit, their scaling 
functions were peaked and the enhanced population at smaller island sizes is absent.  The 
population of smaller islands increased with increasing misfit.  At the largest misfit, 
which corresponded to the lowest detachment barrier, the scaling functions became 
bimodal with a peak near s/<s> = 1.25 and an enhanced population of islands at small 
s/<s>.  They argued that misfit lowered the detachment barrier from large island 
boundaries.  These detached adatoms contributed to additional nucleation, enhancing the 
population of small islands. The island size distribution for this model was shown in 
figure 1.16. 
Based on the similarity between the scaling function shown in figure 3.21 and 
those of ref. [138], it is tempting to speculate that their origins are similar.  A recent 
density functional theory study [109] indicated that dehydrogenated graphene crystallite 
edges have not only lower attachment barriers but also lower detachment barriers.  As a 
consequence, it is plausible that the oxygen-induced dehydrogenation of the graphene 
crystallite edges reduces the detachment barrier to produce an effect similar to that found 
by Ratsch, et al.  Finally, we note that a recent surface science study suggests that O at 
the Cu surface may also enhance the C desorption rate [110]. This observation suggests 
that attachment-limited growth is the primary reason for the Avrami behavior shown in 
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figure 3.20.  Those graphene films were all grown on Cu that was annealed in a reducing 
environment.  Consequently, the graphene edges are hydrogenated with high attachment 
barriers.  It may be that the primary role of C desorption is to stabilize the intracluster 
concentration at Fτ to extend the time for which Avrami behavior persists. 
We also performed a graphene growth experiment on ED Cu film annealed in Ar-
only environment for 45 minutes to consider the effect of annealing time on growth 
mechanism in such films using the same gas flow conditions as the 15 minutes annealed 
sample. Previously, from figure 3.16f we noted that the RMS roughness of the 45 
minutes annealed ED Cu film was ~90 nm, a factor of 2 lower than the RMS roughness 
of 175 nm on the 15 minutes annealed ED Cu film. Table 3.1 summarizes the graphene 
growth on the 15 minutes and 45 minutes Ar-only annealed ED Cu films. The graphene 
growth duration for the longer anneal experiment was 11.25 minutes which yielded a 
very similar graphene areal coverage to that of the shorter anneal experiment grown for 
12.5 minutes. Similar coverage at lower growth duration for the 45 minutes anneal 
experiment suggested a higher graphene growth rate. Longer annealing time will decrease 
the amount of O2 content in Cu sub-surface. [110] It is likely that the net flux of C 
adatoms increased on the longer anneal experiment as the rate of C desorption decreases 
with decrease in surface O2. We also noticed a lower density and higher average size of 
graphene crystallites on the longer anneal experiment. This can be attributed to the much 
smoother Cu surface for the 45 minutes anneal experiment compared to the 15 minutes 
anneal experiment which will increase the diffusion rate and reduce the number of 
surface steps which may act as likely nucleation sites. Decrease in nucleation density also 
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suggests an increase in the diffusion to flux (D/F) ratio. This in turn suggests that the 
effect of surface smoothening of the longer Ar-anneal ED Cu on increasing diffusion rate 
D was perhaps greater than the effect of reduced surface O2 on increasing net C flux.      
Sample Growth 
duration 
(minutes) 
% Coverage Density (cm-2) Average 
size (μm) 
RMS 
roughness 
(nm) 
15 min Ar 
only anneal 
12.5  11 27000 21.5 90 
45 min Ar 
only anneal 
11.25  12.45 19500 27 175 
Table 3-1 Summary of graphene growth on Ar-only anneal ED Cu 
We previously noted the bimodal peak for the 15 minutes annealed sample in 
figure 3.21 which we attributed to a diffusion limited growth mechanism with reduced C 
detachment barrier. In figure 3.22 we plotted the scaling function obtained for the 
graphene film grown on 45 minutes Ar-only annealed ED Cu alongside that grown on the 
15 minutes Ar-only annealed sample. The scaling functions shown in figure 3.22 are both 
bimodal with the 15 minutes annealed sample having a peak near s/<s> = 1.25 whereas 
the 45 minutes annealed sample showing a broader peak near s/<s> = 1. The longer 
annealed sample also exhibits a lower population of islands at small s/<s> than the 
shorter annealed sample. While the nature of the scaling function is similar in both 
experiments which suggests the growth mechanism is still governed by diffusion limited 
kinetics, it is evident that the decrease in Cu surface roughness and diminished native O2 
content clearly had an influence on the graphene growth behavior in the longer anneal 
experiment.  Lower concentration of surface O2 in the longer anneal experiment will 
likely increase the C detachment barrier at graphene edges compared to a surface with 
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higher O2 concentration. [107,109] This may induce some characteristics of Avrami 
attachment limited kinetics like continued nucleation in the initial stage of graphene 
growth. While the total density is lower and average crystallite size is higher on the 
longer anneal experiment owing to its lower surface roughness, a broader peak at a lower 
s/<s> than the shorter anneal experiment suggest an increasing number of islands have 
nucleated in its pre-coalescence regime. Thus, this hints at an increasing competition 
between attachment limited and diffusion limited kinetics of graphene growth with longer 
annealing time of Cu in non-reducing Ar only environment.   
 
Figure 3.22 Scaled island size distribution for graphene films grown on ED Cu that was 
annealed in a non-reducing Ar-only ambient for 15 minutes and 45 minutes. The 45 
minutes sample was grown for 11.25 minutes whereas the 15 minutes anneal sample was 
grown for 12.5 minutes. The graphene growth conditions are identical to those for the 
samples presented in figures 3.17-3.21. 
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3.4 Liquid Cu 
Liquid Cu does not possess grains, grain boundaries, surfaces inhomogeneities 
and related defects associated with polycrystalline solid Cu. This makes liquid Cu a 
desirable surface to explore graphene growth without the additional hindrance of 
considering factors such as surface defects on solid Cu. In previous studies both hot wall 
CVD and cold wall CVD have been used to grow graphene on liquid Cu as discussed in 
sections 1.3.2 and 1.4. In this section we will investigate graphene growth on liquid Cu 
by cold wall CVD. We have employed a temperature of 1125oC, for graphene growth on 
liquid Cu. The higher growth temperatures on liquid Cu compared to solid polycrystalline 
Cu and the pristine liquid Cu surface devoid of grain boundaries are expected to reduce 
the nucleation density of graphene and result in large aligned single crystal domains of 
graphene, making it an attractive surface to grow graphene. A detailed systematic study 
of graphene growth on liquid Cu using cold wall CVD has not been undertaken 
previously, as noted in section 1.4. Our automated, robust cold wall CVD experimental 
setup allowed us to systematically study graphene nucleation and growth on liquid Cu for 
the first time. We have explored this phenomenon on liquid Cu at a fixed temperature of 
1125oC and pressure 700 torr, employing a precursor gas mixture of CH4, H2 and Ar 
having flow rates of 1, 200 and 1600 sccm respectively. 
3.4.1 Graphene Growth Behavior on Liquid Cu 
Figure 3.23 shows a SEM image of typical single-layer hexagonal graphene 
crystallites grown using cold wall ambient pressure CVD onto liquid Cu supported on 
bent Mo substrates. This sample was grown at a pressure of 700 torr, substrate 
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temperature of 1125oC, CH4, H2 and Ar flow rates of 1, 200 and 1600 sccm, respectively 
for 15 minutes. The graphene crystals are highly aligned in their orientation. It is also 
believed that aligned hexagonal graphene crystals can merge and form a large area single 
crystal graphene. [42] Wu et al. observed that if the merged domains are well-aligned, 
regions of significant disorder and defects along the interface are absent. [42] The merged 
graphene domains may contain large grain boundaries as indicated by the black arrows in 
figure 3.23 or they may be devoid of such, as marked by the white arrow in the same 
figure. 
 
Figure 3.23 SEM image of graphene crystallites grown on molten Cu supported on 75 
µm-thick Mo at 700 torr and a substrate temperature of 1125°C. The Ar flow rate was 
1600 sccm and the CH4:H2 flows were 1:200 sccm. The growth duration was 15 minutes. 
The orientation angle θ relative to the horizontal is depicted. 
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We have investigated the nucleation and growth process using the conditions 
described in figure 3.23. Figure 3.24a plots the average size and nucleation density vs. the 
growth time. We note that just like on solid Cu, growth of graphene on liquid Cu can be 
demarcated into regimes characteristic of a two-dimensional nucleation and growth 
mechanism. The incubation period lasted till 8.5 minutes for these growth conditions. 
The nucleation regime, which is the time range for which both the nucleation density and 
average cluster size increases simultaneously extends to ~12.5 minutes of growth 
duration. The following 5 minutes of growth duration comprised the growth regime 
where the nucleation density saturates at Nsat =~1.2X10
5/cm2 but the average cluster size 
continues to increase until the eventual impingement of individual grains and their 
subsequent coalescence to form a continuous graphene film. The % graphene coverage 
vs. growth time is depicted in figure 3.24b.  
We also performed a graphene growth experiment on recrystallized Cu (RC Cu) 
using the same gas flow conditions used to grow graphene on liquid Cu. The growth time 
for this experiment was 25 minutes which produced a comparable areal coverage to that 
of the 17.5 minutes growth on liquid Cu as depicted in figure 3.24b. The saturation 
nucleation density and average crystallite size were 1.4X105/cm2 and 10.4 μm 
respectively. The saturation nucleation density value for this experiment was close to the 
saturation density observed in liquid Cu while the average size on the RC Cu was slightly 
lower than the value expected in liquid Cu at the same coverage. From the coverage vs. 
time plot in figure 3.24b, we note that the growth rate on liquid Cu was 50% faster than 
that on recrystallized Cu.  
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Figure 3.25 depicts the progression of nucleation and growth of graphene on 
liquid Cu in a series of SEM images ranging from 8.75 minutes to 17.5 minutes of growth 
duration from the onset of nucleation in panel 3.25a to the nucleation regime depicted 
from panels 3.25a to 3.25c to the growth regime till panel 3.25f which precedes 
impingement and island coalescence to form a continuous polycrystalline graphene film. 
We observe that the saturation nucleation density of graphene grown on liquid Cu 
at 1125oC is less than that grown on thin solid polycrystalline electrodeposited Cu (ED 
Cu) films at 1000oC using comparable precursor gas flows. By extrapolating the plots for 
density and average size in figure 3.9 of section 3.1.3 for the series Ar:H2:CH4 = 
2500:250:1.25, we obtain a saturation nucleation density of 3.1X105/cm2 and average size 
of 6.5 μm for Ar:H2:CH4 = 2000:200:1. The % coverage for this plot lay between 11.6 to 
14.8. The density is roughly threefold higher than the saturation nucleation density of 
graphene on liquid Cu grown using Ar:H2:CH4 = 1600:200:1 at 1125
oC. The 
corresponding average crystallite size of graphene grown on liquid Cu is approximately 
1.5 times larger than that grown on solid polycrystalline ED Cu films for similar 
coverages. A difference of just 400 sccm between the inert Ar gas flow rates of the 
extrapolated flow rate conditions for solid ED Cu and that used in liquid Cu experiments 
cannot solely explain the substantial difference in density and average size of graphene 
islands particularly when the CH4 and H2 flow rates considered in this comparison were 
the same for both cases. 
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Figure 3.24 (a) plots average size and nucleation density vs. growth time for 
graphene crystallites grown at Ar : CH4 : H2 flow rates of 1600 : 1 : 200 measured in 
sccm using a total pressure of 700 torr and a substrate temperature of 1125°C. The 
saturation island density and average size of a corresponding growth on recrystallized Cu 
at 1000°C for 25 minutes and under the same gas flow conditions is also depicted in the 
same plot. (b) Coverage vs. growth time for the same samples shown in (a).  
 
 
Figure 3.25 SEM images of samples grown on liquid Cu at 700 torr and a substrate 
temperature of 1125°C. The Ar flow rate was 1600 sccm and the CH4:H2 flows were 
1:200 sccm. The growth times from (a) to (f) are 8.75, 10, 11.42, 12.5, 15 and 17.5 
minutes respectively. Images (c) to (e) depict samples in the saturation nucleation regime. 
All images are at the same scale. Scale bar is indicated in panel (a).  
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The lower nucleation density on liquid Cu compared to that on polycrystalline ED 
Cu is probably due to the lack of surface inhomogeneities and the higher temperature 
employed in graphene growth on liquid Cu (1125oC) compared to graphene growth on 
solid Cu (1000oC). Temperature will affect both surface diffusion of C on Cu and 
methane dehydrogenation reaction. Deposition flux (F) is governed by the net difference 
in the rate of methane dehydrogenation reaction and rate of C desorption from Cu 
surface.  At higher temperature, rate of methane dehydrogenation reaction will increase 
and so will the rate of C desorption from Cu surface. Increase in rate of methane 
dehydrogenation reaction with temperature will increase F while increase in rate of C 
desorption from Cu surface with temperature will decrease F. The net increase in rate will 
indicate the increase in flux F with temperature. If increase in flux is the sole factor, 
nucleation density will increase with increase in F.  Higher temperature indicates higher 
diffusion rate D and longer surface diffusion length (due to higher diffusion coefficient 
Do). Furthermore, lack of surface inhomogeneities like step edges, twin and grain 
boundaries on liquid Cu will increase the diffusion length compared to that on the 
polycrystalline ED Cu with RMS surface roughness of 175 nm. The probability of an 
unattached C atom to collide with an existing nucleus before colliding with another 
unattached C atom to form a new nucleus increases as the diffusion length of C on Cu 
increases. Thus, nucleation density decreases at longer diffusion lengths and hence with 
higher temperature if diffusion was the sole factor. Since both diffusion and methane 
dehydrogenation reactions are thermally activated, it is important to consider the 
diffusion (D) to flux (F) ratio to study which has a larger effect on nucleation density. 
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Lower saturation nucleation density at 1125oC compared to 1000oC on polycrystalline Cu 
indicate that D/F ratio increases with temperature or rate of diffusion possibly increases 
more rapidly than rate of methane dehydrogenation, if we increase growth temperature 
from 1000oC to 1125oC. That the flux F is greater at 1125oC than at 1000oC is evident 
from the higher graphene growth rate on liquid Cu than on recrystallized Cu with the 
experiments performed using the same precursor gas flow condition, shown in figure 
3.24. Nucleation density generally rises with increase in flux provided all other 
conditions are the same. However, since the saturation density and average size on both 
liquid Cu and RC Cu are similar despite the flux being higher on liquid Cu, we can 
surmise that this indicates a higher diffusion rate on liquid Cu and the greater effect that 
temperature has on D than on F. Even though solid RC Cu (RMS roughness < 10 nm) is 
smoother than solid polycrystalline ED Cu annealed under the same conditions, it has 
more surface steps than liquid Cu which may also contribute to the lower diffusion length 
on RC Cu compared to liquid Cu.   
3.4.2 Orientation Analysis of As-Grown Graphene Islands 
We have noted a high degree of alignment of the graphene crystallites on liquid 
Cu which maintain their mutual alignment till they merge and form a continuous film. 
We observed that the graphene crystallites were well aligned to each other at all growth 
durations. The angle that a principal diagonal of the hexagon makes with the X-axis of 
the image is defined as its orientation angle. Figure 3.23 depicts the definition of the 
orientation angle θ used for this observation. The orientations of the corresponding 
diagonals in all the hexagonal islands in an image were measured for each experiment 
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using ImageJ [151]. The orientations are scaled by subtracting the mean of the set from 
each value. Binned histograms of the scaled orientation angles can give a measure of the 
spread of the orientation angles. An example is shown in figure 3.26 where the binned 
histogram of the scaled orientation angles of the graphene islands grown for 11.4 minutes 
on liquid Cu, depicted in figure 3.25c, is plotted. A Gaussian distribution fits the data 
well giving a full width at half-maxima (fwhm) of 13o. A bin size of 6o was used for the 
orientation angle histograms in all samples. 
 
Figure 3.26 Binned histogram of the scaled orientation angles of the graphene islands 
grown on liquid Cu for 11.4 minutes. The bin size was 6o. A Gaussian distribution fits the 
data well. 
 
We next plotted the Gaussian functions used to fit the binned histogram data for 
each sample in figure 3.27. The fwhm of the functions lie within a narrow range of 7o to 
18o. This narrow range seems to indicate that the crystallites are all well-aligned from the 
onset of the nucleation regime and do not start to align amongst themselves as the 
nucleation density increases with growth duration. This may be due to the presence of 
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convection cells on liquid Cu surface with C adsorbate as discussed by Harutyunyan et 
al. [103] The convection cells on liquid Cu may orient the graphene domains along a 
certain direction depending on experimental conditions. We did not observe any trend in 
the fwhm of the orientation distributions as a function of growth time. Thus, the “self-
alignment” phenomenon on liquid Cu or the propensity of the graphene nuclei to align 
themselves as the nucleation density increases with time, as described by Geng et al. was 
not observed in our study. The Gaussian model for the orientation angles of graphene 
grown on RC Cu for 25 minutes was also plotted in the same figure and it had a fwhm of 
10o which is similar to that observed on liquid Cu. This narrow fwhm on RC Cu can 
perhaps be attributed to the large grain size of polycrystalline RC Cu with lateral 
dimensions in the mm scale, comparable to single crystal Cu grains. Previous studies 
have suggested that Cu lattice orientation can influence the alignment of graphene islands 
on Cu. [179–182] The graphene lattice on different Cu grain orientations will undergo 
varied compressive strains [180] while external axial strain on Cu can influence the 
growth direction and final orientation of graphene domains [181]. It was also reported 
that graphene domains align with edges parallel to distinct preferential directions on 
different Cu grain orientations. [182] It is likely that since all the graphene grains 
nucleated and grew on the same grain of RC Cu, they underwent the same degree of 
interaction with the underlying Cu surface, resulting in a narrow range of mutual 
orientation.        
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Figure 3.27 Gaussian functions used to fit the binned histogram data for scaled 
orientation angles of graphene grown on liquid Cu for 10, 11.4, 12.5, 15 and 17.5 minutes 
and on solid Cu for 25 minutes. All the functions show a narrow distribution with fwhm 
ranging between 7o to 18o. 
 
3.5 Sputter-Deposited Cu 
In the previous sections, we explored several ex situ deposition techniques to 
make supported Cu films suitable to carry out graphene growth experiments in a 
repeatable and controlled manner. While we achieved success with electrodeposition and 
metal foil melting and solidifying methods we had also considered sputter deposition as a 
viable candidate to make thin Cu films to study graphene growth. Sputter deposition is a 
widely used physical vapor deposition method to grow thin films. We investigated 
graphene growth on 1.4 µm-thick sputter deposited Cu films supported on 125 µm thick 
W substrates. As a reference, the thickness of the electrodeposited films explored in the 
151 
 
previous sections was 4 µm. Our sputter deposited Cu films are amongst the thinnest used 
for CVD growth of graphene with largely 25 μm thick Cu films used either by hot wall or 
cold wall CVD. [91,183] This demonstrated the robust and versatile use of our automated 
graphene growth technique on supported metal foils which are resistively heated in a 
vertical flow custom-made cold wall CVD chamber. In addition to exploring the growth 
behavior of graphene, we also studied the effect of temperature distribution along the 
sample length and the effect of chamber pressure on graphene growth. We also carried 
out experiments to study graphene growth on rapidly heated substrates in a CH4-H2-Ar 
atmosphere. Graphene growth behavior on sputter deposited Cu 
3.5.1 Graphene Growth Behavior on Sputter-Deposited Cu 
Graphene was grown on sputter deposited Cu at a pressure of 700 torr, substrate 
temperature of 1000oC, CH4, H2 and Ar flow rates of 7, 1000 and 10,000 sccm, 
respectively. The 30 mm X 2 mm samples were annealed at 925oC for 5 minutes 
immediately before the growth. Figure 3.28 shows that the graphene grown using cold 
wall CVD on sputter deposited Cu also follows a 2D nucleation and growth mechanism 
as discussed previously in section 1.6 and observed on ED Cu, RC Cu and liquid Cu in 
sections 3.1, 3.2 and 3.4 respectively. Following an incubation period of 7 minutes, we 
find that isolated graphene crystallites nucleate at random locations on the bare Cu 
substrate. Existing crystallites grow as additional nucleation occurs until a saturation 
nucleation density is reached in 10 minutes growth duration. Further deposition enables 
these crystallites to continue growing until they impinge to form a polycrystalline 
graphene layer. 
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Figure 3.28 (a) plots average size and nucleation density vs. growth time for graphene 
crystallites grown at Ar : CH4 : H2 flow rates of 10,000: 7: 1000 measured in sccm using 
a total pressure of 700 torr and substrate temperature of 1000 °C. (b) Coverage vs. time 
plot for the same samples.  
 
The saturation nucleation density of 106 cm-2 for graphene grown on sputter 
deposited Cu using Ar : CH4 : H2 flow rates of 10,000: 7: 1000 is three times that 
observed using flow rates of 10,000: 5: 1000 in sccm for electrodeposited Cu (ED Cu) 
while the % areal coverage of graphene at 12 minutes on sputtered Cu was twice that on 
ED Cu, with both sets of experiments reaching their saturation densities in about the 
same time. A quantitative comparison between growths on ED Cu and sputtered Cu 
cannot be made as the growth conditions and annealing conditions were different. 
However, qualitatively the results indicate similar growth behavior on thin 1.4 μm thick 
sputtered films as the thicker 4 μm thick ED Cu films with a higher flux on sputtered Cu 
resulting in a higher growth rate and density and lower average size. Figure 3.29 depicts a 
series of SEM images for the conditions corresponding to the figure 3.28. The classical 
nucleation and growth mechanism is evident from these images. The density of islands 
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increases from figure 3.29a to 3.29d when it reaches its saturation value alongside 
simultaneous growth of existing islands. The islands continue to grow at the saturation 
density as shown from figure 3.29d to 3.29e.  
 
Figure 3.29 SEM images of samples grown at 700 torr and a substrate temperature of 
1000°C. The Ar flow rate was 10,000 sccm and the CH4:H2 flows were 7:1000 sccm. The 
growth times are 7, 8, 9, 10 and 12 minutes for panels (a) to (e) respectively. Panels (d) to 
(e) depict samples in the saturation nucleation regime. Images (b) to (e) are at the same 
scale, with the scale bar marked in panel (b). A 10 μm X 10 μm inset in panel (e) 
highlights the irregular edges of graphene grown under these conditions. 
 
From the inset in figure 3.29e we note that the shape morphology of the graphene 
crystallite edges was irregular and jagged resembling those observed in 3.11a, which was 
a 12 minute growth using Ar : CH4 : H2 flow rates of 10,000: 5: 1000 in sccm on ED Cu. 
The density of the islands with irregular edges was more on the sputtered Cu sample than 
the ED Cu sample which can be attributed to the higher flux on sputtered Cu owing to a 
higher methane flow rate employed in its growth experiments compared to that on the ED 
Cu. Higher C flux increases the growth rate and C adatom incorporation at the edges of 
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the graphene domains As we noted previously in section 3.1, this increases the rate of C 
adatom incorporation relative to the edge diffusion rate at the edges of graphene domains, 
leading to the C atoms being kinetically trapped by the arriving C adatoms, resulting in 
irregular graphene edges. 
3.5.2 Effect of Temperature Gradient along Sample Length 
We have carried out all the graphene growth experiments reported in this work by 
resistive heating. The thermally conductive metallic substrates will dissipate heat away 
from the center along the substrate length resulting in a temperature gradient (
𝑑𝑇
𝑑𝑥
) along 
the substrate. We devised a method to measure the temperature gradient of the Cu-W 
substrates experimentally. The temperature of the substrate is measured by an infrared 
pyrometer which has a 3 mm probing diameter at a 22 cm distance from the sample 
surface. In order to measure the temperature gradient with a better resolution along the 
sample length, we narrowed the probing diameter of the pyrometer to 1 mm by using a 
stainless steel mask with a 1mm slit between the sample and the pyrometer, shown in 
figure 3.30. The temperature gradient measurement was carried out in the PVD chamber 
which has an XYZ sample dock manipulator on its top 6” flange that also possesses 
electrical feedthroughs to heat the substrate resistively. Initially the steady state current 
required by the sample to reach and maintain a temperature of 925oC was measured by 
the pyrometer without the SS mask in between the sample and the pyrometer. The sample 
holder faces 45o away from the bottom of the chamber such that its center is aligned to 
the line of sight of the pyrometer mounted outside on a 6” viewport. The SS mask is fixed 
to a 2-3/4” flange such that the center of the slit in the mask is perfectly aligned with the 
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center of the sample holder. The mask sits 3 mm away from the sample surface. The 
center of the sample, the center of the slit in the SS mask and the line of sight of the 
pyrometer are perfectly aligned in this setup as depicted in figure 3.31. The X motion of 
the manipulator is perpendicular to the plane of the figure 3.31. 
 
Figure 3.30 Stainless steel mask with 1 mm wide slit used to narrow the pyrometer probe 
diameter and measure the temperature along the substrate with greater accuracy. The 
mask sits parallel to the sample 3 mm away from the sample surface.  
 
The sample was resistively heated with the previously measured steady state 
current and allowed to reach the temperature of 925oC at the center.  The sample dock is 
then translated by the manipulator in 1 mm intervals and the temperature values 
measured by the pyrometer along the sample length starting from the center are recorded. 
The sample dock translation was accurately achieved by micrometer gauge attached to 
cross roller bearing slides of the manipulator. The temperature distribution plot obtained 
is shown in figure 3.32. 
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Figure 3.31 PVD chamber configuration (side view) for temperature measurement along 
the sample length. Only the 3 access ports used for this experiment are depicted. The 
XYZ manipulator is attached to the top 6” flange and can translate the sample along its 
length. The manipulator holds the sample dock on which the sample holder is placed. 
Micrometer gauge attached to cross roller bearing slides can measure distance of 
translation of the sample dock. The translation along the length axis of the sample is 
perpendicular to the plane of paper in this figure. The SS mask with slit is attached to the 
2-3/4” flange such that it sits parallel to the sample length at a distance of 3 mm and its 
slit is aligned to the sample center in the default position of the manipulator. The 
pyrometer is attached outside the 6” viewport and its line of sight is aligned to the center 
of the slit and the sample center in its default position. The sample is resistively heated by 
passing current through the electrical feedthroughs fixed to the top 6” flange. 
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Figure 3.32 Temperature distribution along a sputter deposited Cu/W substrate from the 
center to 6 mm away from the center. Two slopes can be noted in this figure: a shallower 
gradient from center to ±2 mm and a steeper slope from ±2 mm to ±6 mm.  
 
From figure 3.32, we notice that the sample temperature drops by 25oC at a 
distance of 2 mm from the sample center and then drops by a further 100oC to 800oC at a 
distance of 6 mm from the center. Thus, two temperature gradients are observed – a 
shallower 
𝑑𝑇
𝑑𝑥
 till the 2 mm point and a steeper gradient beyond 2 mm away from the 
center. We heat our samples by Joule heating, passing a direct current through the 
substrate. Since the sample width of 2 mm is much smaller than the sample length of 30 
mm, we can rationalize our observations using the basic one-dimensional form of 
Fourier's law of heat conduction, 𝑞 = −𝑘𝐴
𝑑𝑇
𝑑𝑥
 , where q is the heat flow rate 
perpendicular to the area A, k is the thermal conductivity of the material and 
𝑑𝑇
𝑑𝑥
 is the 
temperature gradient. The thermal conductivity of a material is a function of temperature 
and it decreases with increase in temperature. We should note that, during graphene 
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growth at ambient pressure conditions, along with conductive heat transfer along the 
sample, there is a convective heat transfer at the boundary of the Cu surface and gas 
admixture. Thus, during graphene growth experiments, the 
𝑑𝑇
𝑑𝑥
 in all our supported Cu 
samples will be affected by the sample geometry including thicknesses of Cu and the 
refractory substrate, temperature at the center which depends on the film thickness and 
the current provided to heat the substrate and finally on the gas admixture, total pressure 
and flow rate which will change the boundary layer thickness at the sample surface, 
directly affecting the convective heat transfer rate.  
To demonstrate the effect of  
𝑑𝑇
𝑑𝑥
 on graphene growth morphology, we conducted a 
growth experiment at 925oC with CH4, H2 and Ar flows of 2, 200 and 800 sccm at 700 
torr for 14 minutes on 1.4 μm thick sputter deposited Cu-W substrate. We calculated the 
nucleation density, average size and the % area coverage of graphene crystallites from 
SEM images acquired at intervals along the sample length and plotted them in figure 
3.33.  We note that the nucleation density is the lowest and the average size and % 
coverage are the highest at the center of the sample. Nucleation density gradually 
increases away from the center on either side till 1 mm and rapidly rises beyond 1 mm 
from the center. Average size of the crystallites and areal coverage values are similar till 
0.25 mm away from the center on either side and rapidly falls beyond that.  
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Figure 3.33 (a) Plot of nucleation density and average size of graphene along the sample 
length. (b) Plot of % coverage along the sample length. Substrate temperature at sample 
center was 925oC, chamber pressure was 700 torr, Ar, CH4 and H2 flow rates were 800, 2 
and 200 sccm respectively. 
 
The observed distributions in areal coverage, density and average size of graphene 
islands are likely due to the temperature distribution along the sample length, depicted in 
figure 3.32, which is symmetric about the center. The shallower gradients of density, size 
and coverage around the center of the sample mimic the shallower 
𝑑𝑇
𝑑𝑥
 around the center 
observed in figure 3.32. Temperature affects the diffusion rate/flux (D/F) ratio discussed 
briefly in section 3.4.1. It perhaps has a more pronounced effect on diffusion rate than on 
flux which is governed by methane dehydrogenation reaction. As the D/F ratio decreases, 
the island density will increase and average size will decrease. The values of density, size 
and coverage plateau in the central 0.5 mm region of the sample. This is likely due to a 
shallow temperature gradient which ensures that D/F ratio do not vary in this region. 
Beyond this point the density increases gradually till the 1 mm point away from the 
center on either side whereas average size and coverage start to drop drastically in this 
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region. This is perhaps due to a rise in 
𝑑𝑇
𝑑𝑥
 away from the central 0.5 mm region of this 
sample. Since we only had a resolution of 1 mm in our temperature readings, it is hard to 
confirm this reasoning directly. However, drop in areal coverage indicates a reduction of 
flux or a rise in D/F ratio. Since methane dehydrogenation reaction which governs the 
flux is thermally activated, a rapid decrease in flux points towards a rapid decrease in 
temperature. We should also note here that since the dimensions of our sample is 
negligible compared to that of the growth chamber, it is safe to assume that all points in 
the region of interest around the sample center receives similar dosage of precursor gas. 
Beyond the 1 mm point, the density increases drastically, signaling a further increase in 
𝑑𝑇
𝑑𝑥
 and decrease in the D/F ratio. 
The above experiment was carried out on rectangular strips of thin sputter 
deposited Cu films on 2 mm wide 125 μm thick W at 925oC. In previous sections, we 
have described growths on 4 μm thick electrodeposited Cu (ED Cu) on rectangular 75 μm 
thick W substrates at 1000oC, 6 mm region of 250 μm thick recrystallized Cu (RC Cu) on 
rectangular 75 μm thick Mo substrates at 1000oC and 500 μm thick liquid Cu on 125 μm 
thick Mo substrates at 1125oC, all of which were 2 mm wide. Temperature gradient 
decreases with increase in cross section area of a material perpendicular to which heat 
conduction takes place. Thus, it should decrease with increase in thickness of Cu films on 
W or Mo substrates. Most of these experiments were conducted with total flow rates 
ranging from 1800 sccm to above 10,000 sccm, which reduces the boundary layer 
thickness of the gas admixture at the surface of Cu which in turn will reduce the 
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convective heat transfer away from the Cu surface by the gas. Thus, an increase in cross 
sectional area owing to increase in film thickness in ED, RC and liquid Cu and the high 
flow rates employed in those experiments ensure a shallower 
𝑑𝑇
𝑑𝑥
  around the center of the 
sample compared to that on the sputtered Cu described in figure 3.33. Furthermore, since 
we carried out graphene growth experiments at 700 torr, employed high total flow rates 
above 1800 sccm in a vertical flow configuration in almost all our experiments on ED 
Cu, RC Cu and liquid Cu and heated our samples to temperatures at or above 1000oC, the 
𝑑𝑇
𝑑𝑥
  around the sample center was shallow. This was indirectly concluded by noting a 
wider plateau region of density, size and coverage on ED Cu, RC Cu and liquid Cu than 
on sputter deposited Cu. The extent of this “plateau” region varied in different substrate 
types. 
We observed that the island density, average size and coverage remained uniform 
in the central 1.5 mm X 1 mm region of ED Cu sample and 4 mm X 1.5 mm region of 
RC Cu and liquid Cu samples. Along with higher thickness of Cu, the wider plateau 
region on RC Cu and liquid Cu is perhaps also due to the sample geometry. In both these 
samples, the central 6 mm region had a thick film of Cu that was flanked by thin 
rectangular region of bare refractory metal. W and Mo has much lower thermal 
conductivity than Cu which will increase the 
𝑑𝑇
𝑑𝑥
  between the Cu coated and bare W/Mo 
substrate boundary and the corresponding edge of the sample along the length axis. 
Furthermore, since the thickness of the refractory metal is much lower on either side of 
the thick metal film in RC Cu and liquid Cu substrates, its resistance will increase which 
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in turn will result in a higher temperature than at the same point on ED Cu and sputter 
deposited Cu samples due to increase in Joule heating with resistance. A relatively high 
temperature at the junction of Cu film and thin W/Mo substrate in RC and liquid Cu 
samples compared to the same point in Ed and sputtered Cu samples will further reduce 
the 
𝑑𝑇
𝑑𝑥
  on the Cu film. The main implication of this analysis was that we always obtain 
SEM images from this central “plateau” zone of the supported catalyst samples where the 
graphene nucleation density, areal coverage and average crystallite size values are 
uniform to reduce variability in the data due to 
𝑑𝑇
𝑑𝑥
  effects. 
3.5.3 Effect of Rapidly Heating Substrate in CH4-H2-Ar Atmosphere 
Controlling graphene nucleation by rapidly increasing the substrate temperature 
produced the narrowest distribution of graphene crystallite sizes.  As depicted in figure 
3.34, these films showed very non-uniform nucleation density that we associate with 
heterogeneous nucleation that is likely the result of defects formed during the rapid 
temperature increase. For figure 3.34, the sputtered Cu films were initially annealed at 
925oC for 5 minutes in Ar/H2 atmosphere at 700 torr following which the sample was 
cooled to room temperature. 1.2 sccm CH4 was introduced to the chamber with the 
sample at room temperature. The flow rates Ar:H2:CH4 of 1000:200:1.2 sccm were 
maintained for 15 minutes to ensure a CH4 overpressure on the substrate. The substrate 
temperature was then quickly brought up to 950oC in ~10 seconds. After a duration of 1 
minute, CH4 and H2 flow rates were terminated and the sample was cooled to below 
T<450oC in ~3 seconds. It is likely that the CH4 overpressure on the substrate provided 
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an extensive source of reactive C species when the substrate was quickly heated up to 
950oC. Thus, C supersaturation was quickly achieved and defects like Cu annealing twins 
and grain boundaries provided high energy interfaces for nucleation.  
 
Figure 3.34 (a) and (b) SEM images from a typical temperature controlled growth 
 
3.5.4 Effect of Chamber Pressure 
We performed a set of experiments on sputter deposited Cu to understand the 
effect of chamber pressure on our graphene growth experiments and justify the rationality 
behind choosing 700 torr as the desired pressure to study graphene growth. Unlike the 
previous experiments which were all carried out on 1.4 μm thick Cu on rectangular W 
substrates, these experiments were performed on 1.4 μm thick Cu on “dog-bone” shaped 
W substrates. This substrate design depicted in figure 3.36 ensured that the central 2.5 
mm region is the hottest due to its high resistance. This enabled us to delineate the role of 
temperature on these set of experiments where we varied the chamber pressure. 
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Figure 3.35 Sample dimensions of W substrate used to study effect of chamber pressure 
on graphene growth. The narrow central 0.1” X 0.1” region is the hottest when the 
sample is resistively heated.  
 
The experiments were conducted using a combination of two values of chamber 
pressure and two sets of precursor flow rates at the same growth temperature of 925oC for 
30 minutes.  The two sets of flow rates in sccm of CH4, H2 and Ar used were 0.5, 50, 200 
and 2, 200 and 800 at pressures of 700 torr and 100 torr. Note that the ratio of CH4:H2:Ar 
is the same for both sets of gas flow conditions. All the samples were annealed at 900oC 
for 5 minutes before the onset of graphene growth. The SEM images of all the 4 
experiments are shown in figure 3.36. We observed that under both sets of gas flow 
conditions, a continuous film of polycrystalline graphene grew on Cu at 700 torr. Figures 
3.36a depicts the film morphology for CH4,H2 and Ar gas flow conditions of 0.5, 50 and 
200 (in sccm) and 3.36b shows that for 2, 200 and 800 (in sccm). However, we observed 
that at 100 torr, the graphene morphology was drastically different than that at 700 torr. 
The graphene film morphology for CH4,H2 and Ar gas flow conditions of 0.5, 50 and 200 
(in sccm) consisted of etched continuous graphene film which revealed rivulets of Cu 
surface as seen in figure 3.36c.  The severely etched film morphology for CH4, H2 and Ar 
gas flow conditions of 2, 200 and 800 (in sccm) is shown in figure 3.36d. Etched 
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polygons can be seen inside the graphene film reminiscent of the figure 3.10a discussed 
in section 3.1.4 and 1.3.6. The cooler regions for both the low pressure samples had 
higher coverage with continuous graphene film marked by pockets of etched features. It 
is likely that the morphology observed in the low pressure growths were due to a 
conjunction of higher metal evaporation and etching of graphene by H2 following growth 
of a continuous graphene layer. Cu evaporation will occur at growth temperature of 
925oC and will become more enhanced at 100 torr compared to 700 torr. This will lead to 
rougher Cu surfaces in low pressure experiments. During growth, enhanced Cu 
sublimation at lower pressure may increase C atoms desorption from the Cu surface. H2 
atoms will hydrogenate the detached C species and further augment its propensity to 
desorb from the Cu surface. Both experimental and theoretical studies have shown that 
graphene growth is accelerated at lower pressure as discussed in section 1.3.3. 
[51,94,109] Vlassiouk et al. noted that the activation energy for nucleation is less for low 
pressure CVD than in APCVD. [94] Bhaviripudi et al. noted that the growth in APCVD 
is mass transport through gas boundary layer limited while that in LPCVD is surface 
reaction limited which reduces the effective reactant gas pressures on the smoother Cu 
surfaces in APCVD. [51] Thus, it is likely that the center of the samples in the low 
pressure growth experiments at 100 torr were once a continuous graphene film. This is 
further corroborated by the presence of contiuous graphene film 1 mm away from the 
center on either side with less etched features. Pat Li et al. noted that H2 has a much 
higher adsorption rate than CH4 and the primary role of H2 in graphene CVD growth is to 
stabilize the edge of graphene. [109] In figure 3.36d, we note that the etching is more 
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severe inside the domain bodies of the graphene crystallites forming polygonal pockets 
whereas the graphene edges were left untouched in most places. 
 
Figure 3.36 SEM images obtained at the center of samples grown at pressure 700 torr and 
CH4, H2 and Ar flows of 0.5, 50, 200 sccm (a), 700 torr and 2, 200 and 800 sccm (b) 100 
torr and 0.5, 50, 200 sccm (c) and 100 torr and 2, 200 and 800 sccm (d). The images are 
at different scales. Panels a and b indicate that continuous graphene films grow under the 
respective growth conditions at 700 torr. Panels c and d show the highly etched graphene 
morphology at 100 torr with the other growth conditions same as in panels a and b 
respectively. The scale bar is marked in the bottom right hand corner for each image. 
 
At the center where the temperature is the highest, the etching rate of H2 will be 
most severe, as was observed in the low pressure growth experiment samples with the 
cooler regions exhibiting continuous graphene films compared to the heavily etched 
sample center. Etching rate will further increase with rise in H2 flow rate even at the same 
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partial pressure. While the H2 parial pressure is the same for 0.5:50:200 and 2:200:800 
flow conditions, the H2 flow rate itself is 4 times larger in the latter which may have 
resulted in the heavily etched features of figure 3.36d compared to figure 3.36c.       
The Raman spectra for the samples grown at 700 torr, depicted in figure 3.37, 
indicates the continuous graphene films were of single layer. The ratio of I(2D):I(G) was 
3.2 for sample with CH4,H2 and Ar gas flow conditions of 2, 200 and 800 sccm while that 
for 0.5, 50 and 200 sccm was 6. The 2D peak for both the samples were symmetric with 
an fwhm of 35 cm-1.  
 
Figure 3.37 Raman spectra for samples grown at 925oC at 700 torr chamber pressure 
using CH4, H2 and Ar flows of 0.5, 50 and 200 (in sccm) and 2, 200 and 800 (in sccm). 
The Raman spectra indicate the as grown graphene was single layer.  
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4 CONCLUSION 
Chemical vapor deposition (CVD) is the most widely used method to synthesize 
large-scale single layer graphene. Majority of the previous research into graphene growth 
using hot wall and cold wall CVD techniques has focused on the scalability of the 
process and the properties of the graphene grown. While the effects of H2, temperature, 
surface O2, gas flow admixture and kinetics, Cu surface and pressure on graphene growth 
by hot wall CVD were reported in previous studies, a systematic experimental study of 
the relationship between growth parameters and graphene film morphology has never 
been undertaken. This relationship is even less understood in industrially preferred cold 
wall CVD, which has several advantages over the traditionally used and widely studied 
hot wall CVD. All the previous studies on cold wall CVD has been at the low-pressure 
regime using 25 μm thick Cu foils. Amidst the boom in 2D material research and the 
advent of real life applications of these extraordinary materials, rigorous and thorough 
experimental exploration of graphene growth by CVD has become all the more 
imperative in order to fundamentally understand and ultimately control the growth 
process. This study has provided a comprehensive insight into the growth physics of 
graphene using cold wall CVD and bridged the gap between the understanding of the two 
branches of CVD methods utilized to synthesize graphene. It is also the only study so far 
that has explored ambient pressure conditions in cold wall CVD. Furthermore, it is the 
first such study to systematically explore the nucleation and growth mechanism of 
graphene on liquid Cu by CVD while the sputter deposited Cu samples employed in a 
part of this project were amongst the thinnest Cu films utilized in CVD graphene growth.  
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Figure 4.1 A summary of graphene growth on supported Cu catalyst by cold wall CVD 
where the sample was resistively heated. [1] Gases enter the chamber in a vertical flow 
configuration. [2] Gases diffuse through the thin boundary layer and adsorbs on the 
substrate surface. [3] Thermally activated processes: methane dehydrogenation forming C 
clusters and active CxHy species, surface diffusion of the active hydrocarbon species, 
onset of nucleation. [4] Graphene growth from stable nuclei by diffusion limited or 
attachment limited mechanism. [5] Simultaneous desorption of unstable species. [6] By-
products and other gases are pumped out of the system. Inset shows the three 
characteristic regimes of graphene nucleation and growth: incubation period, 
simultaneous growth and nucleation regime and continued growth at saturation density.  
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Graphene growth was conducted on solid electrodeposited, recrystallized, thin 
sputter deposited and liquid Cu films supported on W or Mo refractory substrates under 
ambient pressure using Ar, H2 and CH4 mixtures. A multi-chamber cold wall CVD 
system was overhauled and custom-modified to perform controlled, repeatable graphene 
growth experiments. The growth process was completely custom-automated by 
controlling the process parameters with LabVIEW. A summary of the graphene growth 
process is depicted in figure 4.1. 
Electrodeposition of Cu was optimized and 4 μm thick films were obtained on W 
substrates. The process is extremely repeatable and hence suitable for systematic 
experimentation with the Cu film thickness being the same in all samples. Hence among 
the supported Cu films explored in this research, electrodeposited Cu film was chosen to 
study the effect of total flow rate, CH4:H2 ratio and dilution of the CH4/H2 mixture by Ar 
at a fixed substrate temperature of 1000 °C and total pressure of 700 torr, on the 
nucleation density and average size of graphene crystallites. We noted that the nucleation 
density and average size of graphene crystallites grown on electrodeposited Cu films 
using cold wall CVD from Ar, H2 and CH4 mixtures can be tuned by varying the growth 
parameters. For growth at a fixed substrate temperature of 1000°C and total pressure of 
700 torr, decreasing the CH4:H2 ratio, decreasing the concentration of the CH4+H2 
mixture at fixed CH4:H2 ratio and decreasing the total flow rate all decreased the growth 
rate of the graphene film. This decrease in growth rate leads to smaller nucleation 
densities and larger average nucleus size. For the range of growth conditions investigated, 
the largest variation of the nucleation density was obtained by varying the CH4:H2 ratio. 
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The resulting morphological changes correspond with those that would be expected if the 
precursor deposition rate was varied at a fixed substrate temperature for physical 
deposition using thermal evaporation. 
For all conditions investigated, graphene grows via a classical two-dimensional 
nucleation and growth mechanism. At the smallest deposition times, the chemical 
potential of diffusing C-containing species is not large enough to drive nucleation and no 
graphene crystallites were observed. Subsequent to nucleation of the first graphene 
crystallites, the nucleation density increases while existing nuclei grow during the 
nucleation phase. Upon reaching the saturation nucleation density, the C chemical 
potential stabilizes at a value below that required to drive additional nucleation since all 
additional C resulting from CH4 decomposition can diffuse to existing crystallites. 
Continued growth results in eventual impingement of the isolated crystallites and 
formation of a single-layer polycrystalline graphene film.  
We also found that the boundary morphology of graphene crystallites depends on 
growth conditions; progressing from irregular/jagged through convex hexagonal to 
regular hexagonal as the effective C deposition rate increases. Similar shapes were 
observed in literature suggested that a balance between H etching and C incorporation led 
to jagged boundaries and argued that more rapid C incorporation at the vertices of 
hexagonal nuclei produced the convex boundaries. We suggest that while these effects 
may be important, in addition to H2 etching, the relative rates of C incorporation and C 
adatom diffusion along the edge of growing graphene crystallites may play an important 
role in the morphology evolution of graphene nuclei. We also demonstrated how etching 
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hexagonal pockets inside graphene domains by post growth H2 etching, we can identify 
its crystallinity. If the hexagonal voids are misoriented to the parent nuclei, it can be 
identified as a polycrystal. If the edges of the voids are crystallographically aligned to 
each other and to the edges of the parent crystallite, the domain is a single crystal. 
Systematic characterization of film morphology as a function of growth parameters 
conclusively prove that graphene grown using cold wall CVD on Cu follows a nucleation 
and growth mechanism. The mechanism is similar to that observed during hot-wall CVD. 
Both follow a nucleation and growth mechanism, suggesting that the large hot wall CVD 
knowledge base may be extrapolated to the industrially relevant cold wall CVD method.  
We next explored graphene growth on recrystallized Cu (RC Cu). 250 μm thick 
Cu foils were wrapped around the center of a 75 μm thick Mo substrate and the foil was 
melted and recrystallized inside the CVD reactor.  Graphene grown by atmospheric 
pressure cold-wall CVD using CH4/H2/Ar mixtures onto recrystallized Cu surfaces also 
follows a conventional nucleation and growth mechanism. We typically observe a large 
area of 4 mm X 1.5 mm at the center of the RC Cu where nucleation density and average 
size of islands remain fairly uniform throughout. We then compared the growth series on 
RC Cu annealed in Ar/H2 to an identical series on ED Cu annealed in the same reducing 
conditions as well as an experiment on Cu annealed in non-reducing Ar environment. We 
noted that the nucleation density was drastically reduced with corresponding increase in 
the average island size on RC Cu annealed in Ar/H2 and ED Cu annealed in Ar only 
compared to that on ED Cu annealed in Ar/H2. The lower density on RC Cu can be 
explained by the lower surface roughness and hence higher diffusion rate on RC Cu. The 
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lower density on Ar only annealed ED Cu can be explained by the higher surface O2 
content in such films which can passivate surface sites like step edges which can 
otherwise provide favorable nucleation centers. It is also likely that the flux is reduced 
due to increased C species scavenging by sub-surface O2. The difference in the 
morphology between straight edges of graphene on ED Cu and convex edges on RC Cu 
annealed in Ar/H2 can be attributed to both the increased C accretion rate that can 
kinetically trap an edge diffusing C species at a non-equilibrium site and an increased 
diffusion barrier around the hexagon vertices. The rougher edges on graphene grown on 
ED Cu annealed in Ar only can be attributed to the reduced edge attachment barrier as 
surface O2 scavenges the H at the edges of graphene. By analyzing the scaling properties 
of the island size distributions measured during the pre-coalescence phase of film 
formation atomistic growth mechanisms can be elucidated. Size distributions obtained 
from films grown on Cu surfaces that were annealed in a reducing Ar+H2 ambient prior 
to growth collapse onto a common Johnson–Mehl–Kolmogorov–Avrami monotonically 
decreasing scaling function irrespective of graphene coverage or the grain size and 
surface roughness of the Cu substrate. We interpret this result as evidence for attachment-
limited growth as a consequence of the hydrogen-terminated graphene edges that result 
for these annealing and growth conditions. The size distributions obtained from films 
grown on Cu substrates that were annealed in a non-reducing Ar-only ambient prior to 
growth are qualitatively different, signaling a different growth mechanism. Annealing in 
a non-reducing ambient facilitates oxygen dissolution into the Cu substrate, which alters 
the growth mode by dehydrogenating the graphene edges and reducing the C-attachment 
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barrier. In this case, the scaling function is bimodal with a peak at sizes greater than the 
average island size and an enhanced population of small islands. We argue that this size 
distribution is characteristic of diffusion- rather than attachment-limited growth 
combined with a reduced barrier for detachment from the graphene edges. We anticipate 
that applying this characterization method to other 2D material systems may be useful for 
elucidating atomistic mechanisms of film growth that are otherwise difficult to obtain. 
We have also investigated graphene growth on molten Cu. A bent Mo strip was 
deigned on which Cu was electrodeposited and melted. The sample design prevented the 
molten Cu from spreading during resistive heating of the sample to 1125oC growth 
temperature.  Two-dimensional nucleation and growth of graphene applies to these films 
as well. The reduction in density compared to ED Cu surface and similar density on RC 
Cu suggest the greater effect of temperature on diffusion rate than on flux governed by 
methane dehydrogenation reaction. Graphene crystals were highly aligned on the molten 
Cu surface for all growth times investigated. For the conditions considered for the 
experiment, self-organization was not encountered as mutual alignment existed from 
beginning of the nucleation phase. The same narrow range of mutual alignment on solid 
RC Cu suggest the effect of the large lateral dimension of grains in RC Cu as all the 
graphene domains will have the same degree of weak interaction with Cu as they grew on 
the same grain. 
Finally, we studied graphene growth on thin sputter deposited Cu substrates. This 
was amongst the thinnest Cu films explored in graphene CVD research. We also 
observed the classical two-dimensional nucleation and growth of graphene on sputtered 
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Cu films. We measured the temperature gradient along the sample length and explored 
the effect it has on the nucleation density and average size of graphene. The temperature 
dropped in a shallow gradient until 2 mm away from the center following which it 
dropped in a steeper gradient. We noticed a narrow 0.5 mm long area at the center of the 
sample where the density, coverage and average size of the crystallites remain uniform. 
Beyond this point the density increases and average size decreases rapidly. The reduction 
in island size and rise in density can be attributed to temperature gradient which will 
affect the D/F ratio. We noticed that the region of uniformity in density and size increases 
as we increase the thickness of the metal film from a 0.5mm wide region for 1.4 μm thick 
sputtered to a 1.5 mm wide region for 4 μm thick electrodeposited to 4mm long region 
for 250 μm thick recrystallized Cu. This can be attributed to the reduction in temperature 
gradient as we increase the cross-sectional area of the sample by increasing its thickness. 
Temperature controlled experiments on sputter deposited Cu provided a narrow 
size distribution of graphene flakes but results suggest that nucleation was 
inhomogeneous owing to defects created during rapid temperature increase of the 
substrate. We also explored the effect of chamber pressure on graphene growth on thin 
sputtered films. For this set of experiments, we employed a dog bone shaped substrate 
with a 1 mm long narrow cross-section flanked by two wider wings. This ensured that we 
achieved an approximately 1mm region of uniform temperature. We performed two 
experiments at 700 torr and two at 100 torr under two different sets of precursor partial 
pressures. We noticed continuous single layer graphene films on the ambient pressure 
growths and heavily etched graphene films on the 100 torr growths. The etched features 
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were far severe under the gas flow conditions having higher hydrogen flow rate. This was 
attributed to a conjunction of higher metal evaporation and etching of graphene by H2 
following growth of a continuous graphene layer. 
The versatile growth process and the observed results are instructive for the 
burgeoning graphene industry. Due to the similarities between the growth mechanism of 
graphene synthesis using cold wall CVD and hot wall CVD, the considerable knowledge 
base relevant to hot wall CVD can be exploited for graphene growth using the relatively 
less-explored cold wall CVD. We also anticipate that applying the study of pre-
coalescence size distribution method to other 2D material systems may be useful for 
elucidating atomistic mechanisms of film growth that are otherwise difficult to obtain. 
The growth process and the custom-designed CVD chamber will lead to subsequent study 
of hexagonal Boron Nitride (h-BN) growth on liquid and solid Cu from ammonia borane 
precursor. This study will be a preliminary step before growth of lateral 2D 
heterostructures of graphene with h-BN is attempted. One of the additional goals for this 
study will be to grow large single crystal domains of graphene and h-BN separately. 
It is known that graphene is a zero band-gap semiconductor possessing ultra-fast 
carriers. Hexagonal BN is a wide band gap insulator whose lattice constant mismatch 
with graphene is only 1.7%. [22,184] Lateral and vertical heterostructures of graphene/h-
BN possess exciting properties with semiconducting applications. [184–189] 
Experiments of h-BN growth on recrystallized Cu from Ammonia Borane (NH3-BH3) 
will be thoroughly investigated with a view towards the process optimization by tuning 
the precursor composition to control the nucleation density of h-BN on recrystallized Cu. 
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Lateral heterostructures of graphene and h-BN will be synthesized in the same chamber 
system used to grow graphene as reported in this thesis. h-BN growth in etched graphene 
films will also be attempted. In addition to this, in situ real time imaging during the 
growth of graphene, h-BN or their heterostructures on supported metal films using 
environmental SEM can further elucidate the growth mechanisms. Thus, a 
comprehensive understanding of the fundamental science underpinning the growth of 
graphene-h-BN lateral heterostructures on solid and liquid Cu will be developed. The 
research work detailed in this thesis can also be used as a stepping stone for a preliminary 
exploration of graphene growth by APCVD on molten and recrystallized Ag foils and 
electrodeposited Ag films on W supports. Ag has lower C solubility than Cu and also 
possesses a filled d-orbital. Conceptually, it should be a good catalyst for surface-
mediated growth of graphene.  
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